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1.0 INTRODUCTION

After a review of over 40 years work on the subject of wind models for aerospace vehicle
programs covering the period from 1957 to 1998 it was realized that the preparation of a
comprehensive report on this subject would not be an easy task. This realization lead to
the concept reflected by the title of this report. By definition a compendium is “a brief
compilation or composition, containing general principles or substance of a larger work
or system”. The purpose of this report is to document the ascent wind profile models that
have been used for aerospace vehicle programs with special emphasis on the Space
Shuttle and X-33 programs. This report will review the lessons and misconceptions of
the past with the aim of preventing reinvention and false starts in the future.

This report consists of eight sections including the introduction (Section 1). The
remaining sections are summarized below.

Section 2. Statistical Analysis

This section presents discussions on sample size, wind persistence, tests for bivariate
normality and properties of multivariate normal distributions as applied to wind data
samples.

Section 3. Ascent Wind Models (0 to 27 km)

The primary application of wind profile modeling is for establishing dispersions of
launch vehicle aerodynamic load indicators. In the past, program managers were reluctant
to establish ascent wind loads alleviation techniques during the initial design phase of an
aerospace vehicle. Hence, the scalar wind profile model was used (wind loads alleviation
is not feasible for a scalar wind profile.) With the technological advancements in
computational speed, communications, and guidance and control systems, wind loads
alleviation techniques based on vector wind profiles are readily incorporated into the
design and operations phases of aerospace vehicle systems. The wind dispersions
produced by wind profile models may not be highly correlated with the dispersions of
the aerodynamic load indicators estimated with a trajectory model for a specific vehicle.
This is because the wind model dispersions are for a particular reference period (annual,
monthly...) whereas the vehicle aerodynamic load indicators dispersions are relative to
the wind profile used for first stage vehicle guidance. For the early pre-Saturn and Saturn
NASA launch vehicles, adjustment of first stage guidance in the pitch plane relative to
the monthly mean pitch-plane wind was used for wind loads alleviation. These launch
vehicles were constructed to withstand the monthly wind loads dispersions with penalties
to payload capability. Beginning with Saturn/Skylab and continuing with the remaining
Saturn/Apollo launches, adjustment of the first stage guidance in the pitch and yaw
planes relative to the monthly mean pitch and yaw plane wind components was used to
achieve additional wind loads relief. Further modifications of Space Shuttle first stage
guidance have contributed to recent improvements in Space Shuttle operability because



of reductions in wind loads dispersions. This was achieved first by selecting launch
guidance from the one of four trajectory runs that produced the minimum loads using a
day-of-launch wind profile and four pre-established scasonal alternate ascent guidance
profiles. More recently, Space Shuttle first stage guidance is derived based on an analysis
of a trajectory simulation using a Jimsphere wind profile at T-4 (launch time minus 4)
hours. This produces the smallest ascent loads dispersions achieved to date. This latest
derivation of ascent guidance has been called “day-of-launch ILOAD update”™ or
DOLILU by the Space Shuttle program, where ILOAD represents ascent guidance. When
DOLILU is used, it is the wind profile perturbations of relatively small scale (say < 6000
meters wavelength) that force control system responses to maintain the guidance path.
Heretofore, even the largest wavelengths in a wind profile could contribute to load
indicator dispersions because these large wavelengths could deviate from the monthly
mean component (vector) wind profile previously used to establish ascent guidance.

This section describes the evolution of wind models developed at MSFC for aerospace
vehicle programs. Statistical concepts and advantages and disadvantages of five ascent
wind models are presented. The five models are:

(1) The scalar wind profile model, used in the 1960’s for the Saturn program and was
initially tried for the Space Shuttle program.

(2) A wind component profile model developed for  Saturn/Skylab, the first major
launch system that was wind biased (guidance programmed) in both pitch and yaw planes
for ascent structural wind loads alleviation.

(3) The monthly vector wind profile model used by the Space Shuttle program. This
monthly vector wind model was established for the two initial Space Shuttle launch sites,
Vandenberg AFB and Cape Kennedy™. The vector wind profile models for December at
Vandenbere AFB and February at Cape Kennedy were used as design criteria because the
wind statistics for these two months effectively envelope the wind statistics for all months
at these two sites.

(4) The monthly enveloping scalar wind profile model (MESWP) was developed for the
National Launch System (NLS). This mode! was not implemented because it was quickly
superseded by an enveloping version of the improved monthly vector wind profile model
(IVWP).

(5) An improved monthly vector wind profile model (IVWP) was developed in 1992
(Ref. 3.7). This model is more complete, has no simplifying assumptions. and is proposed
for all future launch vchicle development programs. The enveloping version uses the
same approach in model (4) to define the given wind vectors on the monthly enveloping
probability ellipse at a reference altitude.

1%} name chanpes hasve been made for the Tovation of upper 3ir wind measurements from Cape Canaveral. Florida to Cape Kennedsy,
Florids and now bark 1o Cape Canaveral, Flonds  The lazstion for ol Raninsonde snd hmsphere windo is 28 deg 29 min N latinude
and 80 dey 35 min W lonpuude
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Section 4. Ascent Structural Loads Analysis

This section describes the development of the time conditional wind loads persistence
increment used for protection of the Space Shuttle commit to launch decision. This
development is based on applications of Gumbel extreme value probability functions.
The theory of extreme value statistics was first proposed for Space Shuttle ascent loads
analysis in 1976, but it was not until 1986, after the Challenger accident, that the extreme
value statistical concepts were implemented for ascent wind loads analysis.

Section 5. Wind Loads Uncertainty Attributable to Wind Profile Smoothing and
Temporal Variability.

Examples are presented on the effects of wind profile smoothing on Space Shuttle ascent
loads statistics and launch probabilities. The justification is presented for using relatively
low resolution wind profile measurement systems for pre-launch assessment of wind
loads, provided that adequate additional loads protection is developed which accounts for
the additional wind loads uncertainty attributable to wind profile smoothing.

Section 6. Gust Models for Launch Vehicle Ascent

The origin of the widely used NASA 9 m/s discrete gust model and the development of a
new discrete gust model based on the MIL- Standard “1-cosine” model are described.
This improved model is used for Space Shuttle tail assembly flexible body loads
analysis.

Section 7. Wind Profile Measurement Systems

Technology development for wind profile measurement systems is described. This
includes the Jimsphere, the NASA 50 MHz Doppler Radar Wind Profiler and the
Automated Meteorological Profiler System (AMPS), which is under development.
Studies are also outlined for improvements in wind analysis to enhance Qperatlons of the
Space Shuttle and future aerospace vehicles.




2.0 STATISTICAL ANALYSIS

This section presents three topics on the statistical analysis for winds aloft developed
specifically for this report. They are (1) wind sample size, (2) wind persistence and a
discussion on random samples, and (3) bivariate normality tests for wind samples and a
discussion on the propertics of multivariate probability distribution functions.

2.1 Wind Data Sample Size

Ask a statistician: what is the sample size desired for a statistical analysis? A quick
response might be: ‘as large as possible’. However, the thoughtful statistician will ask for
more information. What is the nature of the variable? What is the purpose of the
analysis? What are the consequences of decisions based on the analysis? Some guidance
on the determination of appropriate sample size is quoted from S.S. Wilkes in connection
with the establishment of tolerance limits for quality control of manufactured products
(Ref. 2.1) :"If the largest and smallest values of X in samples are used as tolerance limits
and if we wish to state that the probability is 0.99 that such tolerance limits will include at
least 99 percent of the universe (population), the sample size required is 660. If the
probability is lowered to 0.95 of including at lcast 99 percent of the universe, with such
tolerance limits, the size of sample required is 130.” Wilkes continues: “The degree of
stability expected of the tolerance limits for samples of size range 500 to 1000 appears to
be of about the order of that demanded by the engincering statistician.”

The probability density function that is the basis for the derivation of tolerance limits for
the largest and smallest observed values of X as a function of sample size, n, is from
Lindgren (Ref. 2.2):

f(Z) = n(n-1)(1-2)Z2"%,0<Z<1, 2.1

This function is independent of the universe (population) distribution function F(x). That
is, no assumption is made as to the form of the probability distribution function of the

variable. The probability that the observed limits in a sample will include the fraction P,
of the universe is obtained by:

i
P, =n(n-1) [(1-2)2"* dZ, (22)
Ry
which is:
-1
P, =1+ (@-1)P" - np"". (2.3)

where, P; is the sample probability.



Eq. 2.3 can also be written

P, =1+ [(n-1)- —]P". (2.4)

PS

Values of P, calculated from Eq. 2.4 for P;=0.95 and 0.99 for commonly used wind data
sample sizes n, are listed in Table 2.1 The sample sizes in Table 2.1 can be used to
establish sample size requirements for empirical percentile values. For example: a sample
size 2130 is required to be 99 percent sure that the sample contains the 95" percentile
and a sample size > 660 is required to be 99 percent sure that the sample contains the
99 percentile value.

Table 2.1 Sample Size n Required for Probability P that the Sample is
Within the P, Percentile Value.

Sample Probability Percent of Universe

size, n P P,
130 0.95 99
660 0.99 99
114 0.95 98.0
114 0.99 31.6
150 0.95 99.6
150 0.99 443
228 0.95 99.99
228 0.99 66.6
473 0.99 95.0

If the procedure described above shows that the sample size is not large enough to justify
using an empirical percentile for a particular engineering application, the analysis must
advance to development of a theoretical probability function that can be demonstrated to
be an adequate fit to the empirical distribution of the sample variable; this theoretical
distribution would be used to obtain estimates of the percentile values.

2.2 Wind Persistence

An underlying principle for a normally distributed variate is that the data sample be a
random variable from a homogeneous population. Wind data are grouped by monthly
reference periods in an attempt to obtain homogeneous samples. To group wind samples
for January with July or pooling wind samples for all months for the period of record



would certainly yicld a heterogencous sample. Some groupings would produce a mixture
of several probability distributions. A series of twice daily Rawinsonde wind
measurements for Cape Kennedy, Florida exhibited persistence. That is, there is a time
dependence from wind at one time interval to the next. For a continuous variable, such as
wind, a measure for persistence is the autocorrclation cocfficient. which is sometimes
referred to as the serial correlation coefficient. The following discussion is taken from
Refs.23and 2.4.

From an 8-year period of twice daily, 00Z (1900 EST) and 12Z (0700 EST), Rawinsonde
wind database, the maximum wind speed in the 10 to 15-km altitude region for each 12-
hour interval was computed. The autocorrelation coefficient (r,) was computed for the 62
values of maximum wind speed for each January of the 8-year period (Fig. 2.1) using the
equation from Kendall and Stuart (Ref. 2.5):

R =t

This equation accounts for the change in the variance and covariance for each lag, k.
This function is preferred for a short time series. There is a large variation in the
autocorrelation coefficients (Fig. 2.1.) for the eight January months, thus indicating
greater time dependence (persistence) in some years than others. The thick line in Fig.
2.1 is the mean of the eight January autocorrelation cocfficients.  This mean
autocorrelation coefficient is computed by using the Fisher’s Z-transformed values for the
autocorrelation cocfficients for the eight years for like values of k:

i I +7
— in . 2.6
2 (i»r) (2.6)

The average Z for all like lags k, Zx . is converted to g by:

Z

I

g = tanh™! Zy | (2.7)

As a historical note: The maximum wind speed in the 10 to 15-km altitude region was an
important launch commit criteria for the Saturn programs at MSFC.

The autocorrelation coefficients are used to compute the appropriate statistical time units
(ASTU) (Ref. 2.6) required to obtain a statistically independent variable.

ASTU = (n+23(n-K)r) /n. (2.8)



where, the summation is terminated when r, is not significantly different from zero. This
is determined from the standard error of correlation coefficient, 15, ,

Toe =l: : }% (2.9)

n—k
Closely related to ASTU is the effective number of random ordinates (variables) ENRO
given by:
n2
ENRO = 2.10
n+2Y(n-k)g (2.10)

Table 2.2 presents examples for the mean time interval between uncorrelated scalar,
zonal, and meridional wind components.

Table 2.2 Mean Time Interval (in days) Between Uncorrelated Winds at 12 km for
January and July, Cape Kennedy, Florida

January
Years 1936 1957 1958 1959 1960 1961 1962 1963 ;EG 75{}
Scalar 345 4,39 2.16 1.88 7.45 2.28 8.89 1.92 404 3.54
Zonal 3.59 4,38 2.08 2.01 6.70 2.54 8.95 234 4407 343
Meridional 378 241 1.66 1.28 1.71 1.52 4.12 135 2.23 1.86
July
Scalar 2.26 1.61 1.73 2.43 1.28 1.29 3.00 1.74 1.92 1.70
Zonal 2.87 2.13 4.68 426 3.06 2.39 1.60 2.86 2.98 272

Meridional 2.97 2.06 297 1.05 183 1.67 205 1.8 205 1.94

The monthly average,T(,computed from the eight year-months, and from the monthly
average autocorrelation coefficients, 7, are also presented. This table indicates that the

wind is more persistent in some years than others. From the variation of the
autocorrelations from year to year, it is concluded that the stochastic properties of the
wind are significantly different from year to year. The monthly average autocorrelation
coefficients for the wind speed plotted and analyzed for altitude versus lag times for
January and July are presented in Figs. 2.2 and 2.3 respectively. The wind speeds are
most highly correlated at 12 km, the height of maximum wind over Cape Kennedy. Near
21 km and below 1.5 km altitude the diurnal variability of wind speed in all the summer
months is evidenced in Fig. 2.3 by the periodicity of the autocorrelation functions

variability.
2.3 Tests for Bivariate Normality in Wind Data Samples

It is important to test wind data samples for bivariate normality in order to take advantage
of the many statistical properties that can be derived from bivariate normal variables. A
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major interest in the application of the bivariate normal probability function began in the
late 1950’s for acrospace vehicle applications. An early publication (1960) by Vaughan
(Ref. 2.7) gives the necessary bivariate normal statistical parameters for wind. Crutcher
and Bacr (1962) describe bivariate normal probability ellipses for wind (Ref. 2.8). It was
not until Henry (1963) that the multivariate normal distribution was used to model the
wind profile (Ref.2.9).
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Figure 2.1 Autocorrelation Figure 2.2 Average January
Coefficients for Maximum Wind Autocorrelation Coefficients for Wind
Speed, 10 to 15-km layer, Cape Speed, Cape Kennedy, FL, 1956-1963

Kennedy, FL, January 1956-63

% i F]
Lagt v T - Howor Sy

Figure 2.3 Average July Autocorrelation Coefficients for Wind Speed,
Cape Kennedy, FL, 1956-1963




The usual procedure is to test the wind components for univariate normality using the
Chi-square test or the Kolmogorov-Smirov (K-S) test, and if accepted assume that the
wind sample is bivariate normally distributed. It is a necessary but mot sufficient
condition that the components be normally distributed for the joint distribution to be
bivariate normally distributed.

Two tests for bivariate normality are applied to wind data samples for Cape Canaveral,
Florida. The first test follows that by Crutcher and Falls (Ref. 2.10). This test is based
on a comparison of the theoretical and sample numbers of wind vectors that lie outside
bivariate normal probability ellipses. The 96 percent confidence bands are derived by
simulating a bivariate normal distribution with a sample size of 10,000. A modification
of the methodology used in Ref. 2.10 for the two dimensional case with some changes in
notation is presented herein.

The bivariate normal probability density function is:

—~2 -_ _- —
f(x,y) = ! —exp) - [X—X] - 2p(x X)(y y) + (y"y) (2.11)
I-p G

26,0 Ox OxOy y

¥

This function is completely defined by the five parameters: the mean values, X, y, the
standard deviations o, Oy} and the correlation coefficient, p, which is a measure of the

association between the two variables, x and y. When the exponent of Eq. 2.11 is set

7
equal to a constant, A,

[X_—E_T . 2p(ifu + [L_;] = A2 (2.12)

Oy GOy oy

Eq. 2.12 forms a family of ellipses of equal probability density centered on the centroid
{;, ;} The double integration of f(x,y) over the region bounded by the contours of equal

probability density yields the probability that the variables (x and y) will lie within the
probability ellipses, P(A). This is expressed by:

P(A) = ﬂ f(x,y) dxdy (2.13)
R(%)
which yields,
A2 4
PA) =1- - (2.14)
*) m[ 21 - pzj




Solving 2.14 for A2:
A% = 2(1-p?)In[1- P(Y)) (2.15)

The correlation coefficient in Eq. 2.15 can be set equal to zero by rotation of the
coordinate system by an angle y defined by:

Y = é—isn'i —5% (2.16)
x y
Thus, A% =-21[1- P(V)] (2.17)
For common logarithms (log) Eq. 2.17 becomes:
2?2 = 4605218 log[1 - P()) (2.18)

Table 2.3 presents the selected values for the probability ellipses used to test the Kennedy
Space Center (KSC) wind vector data samples for bivariate normality. A method for
calculating probability ellipses is given in the Appendix.

Table 2.3 Selected values for probahility ellipses and Ef

P LL- PG X log., [1 - P(W)]
HH 100 00000 0.000000
10 50 42010 004576
20 B0 04463 -0.09691
.30 it 07133 -3.15490
A0 60 1.02165 022185
50 50 1.3863 030103
&0 40 1.8326 -0.39764
70 .30 24079 -(3.52288
80 20 321888 -0.60897
B3 A5 37942 -3.82391
80 A6 46052 -1.00000
8250 L0750 5.1053 -1.12494
8500 D500 59915 -1.301030
9750 0250 7.3778 -1.60206
8900 100 g2101 -2.00000
5083 0015 13.0045 -2 82391
5950 0010 138155 -3.00000

For this application there is no loss in the gencralization by setting x=y=0inEq. 2.12.

Rather than performing a simulation of the bivariate normal distribution to compute the
confidence bands on Eq. 2.18 as was done in Ref. 2.10, a distribution free confidence

10



bound is used for this purpose. If all data points lie within the confidence bounds, the
wind data sample is considered to be bivariate normally distributed. The equation for the
lower and upper 95 percent confidence band, CL, is:

2 2
CL= — P+-{——i{{P{I_P)+(—£—)} , (2.19)

n+t 2n n 2n

3 ]

where, t = 1.96 for the 95 percent confidence band.

The second test is called the quadrant test in which the probability of the sample wind
vectors in each quadrant is compared with the theoretical bivariate normal probability
value of 0.25 for each quadrant. Each wind vector in the data sample is converted to the

zonal (u) and meridional (v) components from which the mean components (u, v) are

subtracted and then the coordinate axes rotated by an angle (y) to eliminate the
correlation coefficient using Eq. 2.16. This operation establishes the four quadrants, each
containing a probability 0.25 for the theoretical bivariate normal variables. The number
of observed wind vectors that lie in each quadrant is then computed. If the sample counts
for the wind vectors in each quadrant are one-fourth of the total sample, then there would
be perfect agreement with the symmetry of the bivariate normal distribution. This is a
necessary but not a sufficient condition for a sample to be bivariate normally distributed.
The schematic in Fig. 2.4 will aid in understanding these operations.

T, >y’

0,0

Figure 2.4 Schematic for bivariate normal test
The sample counts for the quadrants, n, n,, n,, and n,, may deviate from being exactly

1/4 the sample size n. The chi-square test is then used to accept or reject the sample as
being bivariate normally distributed. The chi-square, 3{2, value is computed by:

11



(g . ?}.T ,;[ﬁ ,E)? ,;[ﬁ . ?.)? ,;(g -33)3
, 173 2" 5 3 4 477

= 3 2.20
X n/4 ( )

If the value for ;{3 is < 3.84 (for onc degree of freedom) then the sample is accepted as
bivariate normally distributed at the five percent level of significance.

2.4 Bivariate Normal Tests Applied to Wind Samples

The wind data samples sclected to illustrate the bivariate normal test are for Cape
Canaveral (February) using the 19-years twice daily complete sample (n = 1074) and
every fifth sample (n=215). The probability ellipses from the complete data sample, n =
1074, are shown in Fig. 2.5 for the 8-km altitude winds and Fig. 2.6 for the 12-km
altitude winds merely for the purpose of illustrating the wind data sample.

As shown Sec. 2.2 these wind vectors (Figs. 2.5 and 2.6) are not from a random sample
because of the autocorrelation, i.e., persistence. The sample does not meet the criteria for
randomness. Hence, the sample may not be bivariate normally distributed. The two tests
previously described for bivariate normality are applied to the complete wind sample.
Next, only every fifth wind is selected from the complete sample which gives a sample
size of 215. This arbitrary selection is based in part on a knowledge of the mean time
between independent observation in an attempt to obtain a random wind sample. This
reduced wind sample is also tested for bivariate normality. The ellipse test for bivariate
normality for the 8-km altitude for the complete sample (Figure 2.7a) rejects the sample
because one or more data points fall outside the 95 percent confidence bands and accepts
the sample for the 12-km winds. For the reduced wind samples all points fall within the
95 percent confidence bands (Figure 2.7b); therefore, the samples are accepted as being
bivariate normally distributed at both 8-km and 12-km altitude.

The quadrant test for bivariate normality is applied to the complete wind sample and the
reduced wind sample at both the 8-km and 12-km altitude. The complete wind sample is
rejected as being bivariate normally distributed using the quadrant test but accepted for
the reduced sample. These results are summarized in Table 2.4 for all altitudes for the
complete and reduced wind data samples. Heterogeneous wind data samples occur as
mixed distributions at KSC in the boundary layer due to the land and sea breeze. The
wind samples for 12Z and 00Z arc at 0700 hours EST and 1900 hours EST. This analysis
illustrates that large wind data samples which are not random may not be bivariate
normally distributed. As seen in Table 2.4 a random sample of wind data in the 3 to 17-
km altitude layer passes the test for normality. This is the altitude region in which
acrospace vehicles are most sensitive to the wind profile during ascent. Further study is
indicated to make a more carcful selection for randomness in the wind data samples and
to isolate the systematic diurnal variation.
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Table 2.4 Tests for KSC February Winds for Bivariate Normality
for Complete Sample twice daily for 19 years, n=1074 and for
Reduced Sample every 5th data point, n=215

Altitude
km

Complete Sample

Reduced Sample

Ellipse
test

Quadrant
test

Ellipse
test

Quadrant
test
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Quadrant test Chi-square test with one degree of freedom 95% critical
>3.84, Acceptance if <3.84.

value is 3.84, Rejection if
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It was stated in the beginning of this section that there is an advantage in using the
bivariatc normal probability distribution for winds because many other probability
functions can be derived from the five parameters that define the bivariate normal
distribution.  For wind data samples the five parameters are the zonal and meridional

components means {zz and ?} the standard deviation (s, and s) and the correlation

cocefficient between the u and v wind components, r(u, v). Ref. 2.11 gives the gencral
probability functions and some special cases for wind statistics that can be derived from
the propertics of the bivariate normal distribution. These functions include:

1. The joint probability between the zonal and meridional wind components, i.e.,
bivariate normal probability ellipses.

2. The marginal distributions for u and v wind components arc univariate

normally distributed.

The wind speed is derived as a gencralized Rayleigh distribution.

The frequency §§%if§}ii{i§§ for wind dircction is derived.

5. The mean values for u and v and the interpercentile range rotated through
360 degrees are derived

6. The conditional distribution for wind speed, given a wind direction, is derived.
This distribution is called a wind rose when empirical methods are used.

7. The sum and differences of two normally distributed variables arc univariate
normally distributed.

8. The conditional distribution for one wind component, given the other, is
univariate normally distributed.

~w

Practical equations arc presented (Ref. 2.11) to compute these wind models given the
wind parameters at discrete altitudes at onc-km intervals. The above listed probability
functions arc used to mode! the winds at discrete altitude levels for the 17 published
Range Reference Atmospheres (Ref. 2.12). These Range Reference Atmospheres also
contain statistical parameters, means, standard deviations, and skewness cocefficients, for
pressure, temperature and density, and for water vapor pressure, virtual temperature, and
dewpoint temperature.  All statistical parameters arc tabulated in a standard manner by
monthly and annual reference periods for the Range Reference Atmospheres.

Assuming that the wind vectors at any altitude are bivariate normally distributed and the
wind vectors at two altitudes arc quadravariate normally distributed. then the differences
in the wind vectors (wind shears) between two altitudes are bivariate normally distributed
and the conditional wind shears between two altitudes, given a wind vector at one altitude
are bivariate normally distributed. The conditional wind shears were used in the wind
profile mode! used for the Space Shuttle design for ascent structural loads and
performance (Ref. 2.10). Further details on the model are presented in Section 3.2.3.
Later. an improvement was made (Section 3.3) to the original Space Shuttle wind profile
mode!l which eliminated the simplifying assumptions used in the earlier model and
derived the wind profiles directly from conditional wind vectors rather than
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Table 2.6 Interlevel and intralevel coefTicients of linear correlations hetween unlike wind components
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from conditional wind shears. The improved wind profile model is based on the concept
that: given a wind vector at any altitude, the conditional distribution of wind vectors at any
other altitude is bivariate normal. The required statistical parameters to model the vector
wind profile include all of the interlevel and intralevel correlation coefficients between the
like and unlike wind components at any two selected altitudes and the means and standard
deviations of the wind components at each altitude. These statistical parameters are
required for the complete variance-covariance matrices. Examples of these statistical
parameters for February at Cape Kennedy, FL. from Ref. 2.13 are illustrated in Table 2.5
for the interlevel and intralevel correlation coefficients for like wind components and in
Table 2.6 for unlike wind components (note that the term “crosslevel” used in Table 2.6
denotes the interlevel correlation coefficients between unlike wind components). These
parameters were derived from wind profile data sets as early as 1960 (Ref. 2.7) and 1968
(Ref. 2.13), but it was not until 1994 (see Section 3.3) that a direct application was made
in a vector wind profile model.

The Global Reference Atmosphere Models (GRAM)

The original GRAM model, published in 1964 containing the atmospheric parameters
(pressure, temperature, density) and wind components (Ref. 2.14 and 2.15) at latitude,
longitude grid points versus altitude, was used to design the Shuttle Orbiter flight control
system, aerodynamic heating, and reactor control system (RCS) requirements for the re-
entry flight path from 121-km altitude half-way around the world to the landing site. The
density and density perturbations from 80 to 35-km altitude are the most important
atmospheric parameters for the Orbiter systems re-entry design. As more data and
theoretical developments became available, updates for the GRAM were made in 1980,
1988, 1991 (Ref. 2.16, 2.17, 2.18) to the most improved model GRAM 1995 (Ref. 2.19).
The GRAM-95 with modifications to merge with the site-specific RRA is being used for
the X-33 design studies. The most valuable feature of the GRAM-95 is the computer code
to simulate individual atmosphere and wind profiles along a vehicle trajectory in the
altitude and space domain for which no other data are available.
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3.0 ASCENT WIND MODELS (0 to 27 km)

The development of ascent wind profile models for acrospace vehicle design has been
continuous throughout the lifetime of the U.S. Space Program. The five ascent wind
models for launch vehicle design described herein are:

(1) The classical scalar wind profile model (SWP), which was developed in the early
1960's. The current version is contained in NASA TM-4511 (Ref. 3.1).

(2) The wind component wind profile model developed for the SaturnV/Skylab launch
(Ref. 3.2).

(3) The original monthly vector wind profile (VWP) model, which is described in NASA
TMX 73319 (Ref. 3.3). This model was uscd for the design of the National Space
Transportation System (NSTS) as described in Refs. 3.4 and 3.5.

(4) The monthly enveloping scalar wind profile model (MESWP) was developed for the
National Launch System (NLS). This model was not implemented because it was
quickly superseded by an enveloping version of model (5).

(5) An improved monthly vector wind profile model (IVWP) was developed in 1992 (Ref.
3.7). The enveloping version uses the same approach used in model (4) to define the
given wind vectors on the monthly enveloping probability ellipse at a reference
altitude.

The enveloping version of the IVWP for Kennedy Space Center, Florida (KSC) and
Edwards Air Force Base, California (EAFB) has been used in design studies for the NLS
and X-33 respectively. An ascent wind profile model will be needed for development of
future launch vehicles such as the Space Shuttle liquid fueled fly-back booster and the full
scale X-33 follow-on. The recommended model for a particular vehicle program must be
tailored to meet specific program requirements and vehicle mission objectives. Therefore,
it is not possible to use the general characteristics of an ascent wind profile model
presented in this report as design criteria.

3.1 Applications

The engincering design application for a wind profile model is the establishment of
preliminary design ranges for angle-of-attack, o, angle of sideslip, B. aerodynamic
pressure, Q, and two aerodynamic load indicators, Qo and Q. These and other important
flight paramecters are derived from ascent flight six degree-of-freedom trajectory
simulations using the wind profiles constructed with the model. This and other trajectory
parameters are used to compute structural load indicator values for suspected wind
sensitive points or members over the vehicle. A load indicator is an algorithm that relates
external loads, such as axial force, shear, bending moment, and dynamic pressure to stress

22




(Refs. 3.4, 3.5). For the NSTS the load indicators are for rigid body loads. For some
structural members the algorithms are linear functions of Q, o, and B; however, most are
not. Elastic body loads, which are highly sensitive to wind gust, must be determined by
other means such as finite element matrix analysis and flutter and vibration analysis. To
size the fuel requirements, wind profile models are used in the estimation of flight
performance reserves (FPR); that is, the propellant required to protect for in-flight
dispersions to reach orbital insertion (Refs. 3.4, 3.5).

Following the preliminary vehicle design activities using a wind profile model, trade
studies can be made to determine if there is a requirement to bias the ascent trajectory to
reduce wind loads. If the wind profile model is for a monthly reference period, it is
appropriate to establish steering commands based on the profiles of monthly mean winds in
both pitch and yaw planes to guide the vehicle through first stage. The current NSTS wind
biasing is with respect to the wind profile measurement at T-3.5 hours (Refs. 3.8, 3.9).
Following the establishment of the wind biasing methodology, structural loads and
performance assessments are made using a sample of Jimsphere high resolution wind
profile measurements. Currently for KSC this data sample is 150 Jimsphere wind profiles
per month.

3.2 Models Based on Conditional Wind Shear

These wind profile models require given values for either wind speed or wind vectors at
some probability level at assigned reference altitudes. For the scalar models (Ref. 3.1)
calculated conditional percentile values for wind speed shear versus shear interval, given a
wind speed at the reference altitude, are subtracted from the reference altitude wind speed
to obtain a model wind profile. For the original vector wind model, values for conditional
vector shear, given a wind vector at a reference altitude are calculated for all altitudes
above and below the reference altitude. A model profile is constructed by subtraction of the
conditional vector shears from the given vector at the reference altitude. The computational
methods for determination of wind percentiles at reference altitudes and for determination
of conditional shears given the wind at the reference altitude are described below. These
statistics are derived from Rawinsonde and Jimsphere wind profile data bases for KSC.

3.2.1 Scalar Wind Profile Model (SWP)

The SWP model for KSC taken from Ref. 3.1 is summarized herein to facilitate
comparisons with related models. Table 3.1 gives various percentile values for steady state
wind speed at assigned altitudes and Figure 3.1 illustrates the tabulated values. “Steady
state” is a term to denote that these percentile values are based on the historical
Rawinsonde wind profile data base in contrast with higher resolution Jimsphere wind
profile measurements. The term “envelopes” used below signifies that these statistics are
percentile bounds at discrete altitudes. These envelopes should not be misinterpreted; for
example, 95 percent of the wind speed profiles are not contained within the 95th percentile
envelope at all altitudes. This is because the interlevel correlation coefficients for wind
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speed are less than unity (Ref. 3.6). From a theoretical analysis of multivariate normal
distributions (Ref.3.13) and from empirical observation of the percentage of wind

Table 3.1 Wind Speed (m/s) Profile Envelopes, KSC
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Figure 3.1 Wind Speed Profile Envelopes, KSC
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profiles that lie within a probability ellipse for wind vectors at discrete altitudes for an
assigned probability, it has been estimated that there are only approximately five
independent wind altitude levels for winds over a 12-km layer for wind samples taken at i-
km intervals. Thus, only 77 percent (i.e. .95° x 100) of the wind vectors oveér all altitudes
for a 12-km layer will lie within the 95 percent wind vector ellipses taken at discrete
altitudes at 1-km intervals. Furthermore, this implies that the 99 percent wind speeds at
discrete altitudes are required to contain 95 percent of the wind speed profiles at all
altitudes over a 12-km layer; where (0.95)" = 0.99. This significant conclusion is often
overlooked in engineering applications of wind profile models. For clarity let us repeat this
conclusion: A wind speed profile envelope derived at discrete altitudes for a specified
percentile does not contain the same percentage of wind profiles within that envelope. An
aerospace vehicle should be designed to have the capability to fly through a certain
percentage of wind profiles for monthly reference periods. The percentage of profiles that
are within the envelope at all altitudes is always smaller than the percentage for the
envelope derived at discrete altitudes.

Tables 3.2 and 3.3 from Ref. 3.1 contain the 99th conditional percentile values for wind
speed shear (versus shear interval) for various given wind speeds. The term build-up is for
wind speed increasing with altitude (positive shear) and back-off is for wind speed
decreasing with altitude (negative shear). Each conditional wind speed shear in Tables 3.2
and 3.3 is conditional with respect to a given wind speed at the top of the altitude
increment associated with the shear; the caption “wind speed change” is the difference in
wind speed between two altitudes separated by the scales of distance (altitude interval).
The caption reference to envelopes in Tables 3.2 and 3.3 refers to the 99th conditional
wind speed shears for the entire data sample (all months). In the construction of the SWP
model, the given value for wind speeds at reference altitudes are linearly interpolated from
Table 3.1. This wind speed is entered into Table 3.2 to find the 99th percentile conditional
wind speed shear versus shear interval and subtracted from the given wind speed at
reference altitudes for altitudes below the reference altitude; thus, the caption reference to
“build-up” in Table 3.2 is for altitudes below the reference altitude. Similarly, the wind
speed is entered into Table 3.3 to find the 99th percentile conditional wind speed shear
versus shear interval and subtracted from the given wind speed at reference altitudes for
altitudes above the reference altitude; thus, the caption reference to “back-off”.

The methodology used to establish the percentile values for wind speed (Table 3.1) and the
99th conditional wind speed shear versus altitude interval for a given wind speed (Tables
3.2 and 3.3) is empirical. The percentiles in Tables 3.1 to 3.3 for altitude intervals = 1000
m are derived from Rawinsonde data; for altitude intervals less than 1000 m the following
empirical formula is used.

AW = (AW),,, (AH/1000)"" 3.1)

where, the shear, AW, is in m/s and the altitude interval, AH, is in m. The classical 9 m/s
wind gust (Fig. 3.2) is reduced to 0.85 of its value when applied as an extension to the
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Table 3.2 Build-up Design Envelopes of 99 Percentile Wind Speed Change, 1 to 80-

km Altitude Region, KSC
Scales of Distance {m)
¥ ind Speed 2t Reference
Altitude {m/sec) 5000 | 4000 | 3000 | 2600 | 1000 | 800 £00 400 200 § 100
580 65,6 | 59,5 | 52.3 1435 340 ] 29.0 23.8B ] 17.9 | 11.2 6.8
= 80 £0.4 155.5149.7 142:0 ] 3271 27.7] 227 17.0 ] 10.6 ] 6.5
=70 56,0 | 51.7 ] 47.0 [ 40.4 ] 31,2 ] 26,6 21.8 | 16. 4] 10.1] 6.2
= &0 51.3 }4%.5 445 | 38.6 ] 30.0 ] 25.61 21.1 ] 15.8 8.8] 6.0
= 50 45.% 1450 | 41.2 | 365 ] 285 ] 24. 4] 20.0 150 8.2] 5.7
= 40 35.5 137.7 ] 36,8 | 34.9 ] 265 226 185 138 86153
= 30 28.0 1 27.5 ] 26.5 | 24.5 ] 20.8 | 17.8 ] 145 | 10.8 6.7 &1
= 20 i7.6 (17,3 ] 16.6 | 15. 8] 146 | 12.5] 10.2 7.2 47 28

Table 3.3 Back-Off Design Envelopes of 99 Percentile Wind Speed Change, 1 to 80-
km Altitude Region, KSC

Scales of Distance {m}
®ind Speed st Reference
Altitude {m/szec} 5000 | 4000 | 3000 ] 2000 ] 1000 | BOD 600 400 200 | 100
>80 77.5 1 74.4 1 65.0 |1 593 4261 36. 4 29.7 | 22.4 ] 13.8] &5
= B0 71.0 [ 68.0 1 6.8 1 56,01 40.5 ) 34.7 ] 28.5 | 21.4 ] 13.2; 8.1
=50 £3.5 1 6:.0 ] 57.9 1 52.01 38.8] 331} 27.0 ] 20.3; 125 1.7
= 0 5.0 1 54.7 15281 47.4] 36,0 31.0] 25,3 18.% ] 11,7 7.2
= 55 £7.5 7.0 1 46.2 1 42.8 ] 33.0) 28.3] 23.2 ] 17.5 ] 10.7] 6.8
= 40 3%.0 ] 38.0 7.0 1353 28.5] 253 20.6 ] 15.5 861 5.9
= 30 40.0 1 30.0 ] 25.4 1 26.9 ] 22.6] 13.4 ] 15.8 | 11.8 7.3 4.5
= 20 18.0 1 17.5 ] 16.7 | 15.7 ] 142} 12.2 8.8 7.5 4 6] 2.8
f
1 | !
e i — i
L; \/i“:f
i " i N N UE
F 2L
i
H
i
i
3 s I i
[T :
H
i
I
EH
i
i I 3
i
= ]
I
1
F
WET i
iﬁf’l‘;i
,\,\

DEHTE MaRls IFEED MASF LT PRI

Figure 3.2 NASA Classical 9 m/s Discrete Gust Model
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wind speed at the reference altitude. For further details see Ref. 3.1 . An example of the
SWP with gust is shown in Fig. 3.3.
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Figure 3.3 Example of Scalar Wind Profile Model Construction With Addition of
Gust

Critique of the SWP model:

Advantages

None
Disadvantages
1. It is a scalar wind model. Wind is a vector quantity.
| 2. The given value for the wind speed is to be applied in all directions. This is not
' realistic. For example, a wind speed 2 75 m/s at 12-km altitude from the east

has never been observed over KSC.

3. Wind trajectory biasing techniques for ascent structural loads alleviation are not
applicable.

4. Subjective analysis was used to derive the wind speeds and wind shears that
envelope all the reference months.
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3.2.2 Wind Component Wind Profile Model

For the Saturn V Skylab mission, the ascent wind trajectory was biased for both in-plane
and out-of-planc wind components to reducc ascent loads. This was necessary because the
mission required a revision of the flight azimuth from east to northeast, which created
concern for the effect of out-of-planc winds on the 100-ton payload. The wind component
profile model (Ref.3.2) uses properties of the bivariate normal probability function to
compute the conditional wind component shears given the 95" percentile values for the
wind component at various reference altitudes. These conditional shears are subtracted
from the given wind components. The in-plane and out-of-planc wind components are
treated independently for this model. Hence, there is no association between components.
The Skylab mission was launched successfully on May 14, 1973.

3.2.3 Monthly Vector Wind Profile (VWP) Model, Original Version for the Space
Shuttle

The scalar wind profile model was found to be inadequate for the Space Shuttle System.
A program decision was made during the summer of 1976, 1o wind bias the ascent
trajectory to the profiles of monthly mean wind components (vector mean wind) in both
pitch and yaw planes to reduce ascent structural wind loads. This was required because
some subsystems of the Space Shuttle vehicle (SSV) arc more sensitive to ascent wind
loads in the yaw plane than in the pitch plane. This led to the development of the vector
wind profile (VWP) model as documented with scveral options by Smith (Ref. 3.3). A
synopsis of this model and a description of applications in studics of SSV acrodynamic
Joad indicators and flight performance is given in Refs. 3.4 and 3.5 . The VWP mode! uses
the properties of the quadravariate normal probability distribution function. The 14
statistical parameters for this probability function are estimated for monthly reference
periods from a long period of Rawinsonde wind records for Cape Canaveral, FL and
Vandenberg AFB, CA. The wind vectors at discrete altitudes, at I-km intervals from O to
27 km, are modeled as bivariate normal probability ellipses. The wind vectors at two
altitudes are quadravariate normally distributed. The components of vector wind shear are
bivariate normally distributed for each altitude increment. The conditional distribution for
wind shear given a wind vector at the reference altitudes is bivariate normally distributed.
In general functional notation, the conditional distribution is

f{i},i}ﬁi}dﬁ;} {32}
f(xy.x7)

f(x3.x4]x].%2) =

where X,. X.. X, and x, arc quadravariate normally distributed variables. Here x, and x, are
the components of the given wind vector at the reference altitude, and x, and x, are the
components of the wind shear between the reference and any other selected altitude below
and above the reference altitude. To obtain the VWP, the first step is to compute the wind
vector to an assigned probability ellipse at a reference altitude as illustrated in Fig. 34. For
this 'given wind vector’ the conditional bivariate normal distributions for wind shear at 1-
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km intervals are computed versus altitudes below and above the reference altitude. These
bivariate conditional ellipses are made circular to simplify the modeling (see Fig. 3.5). In
Fig. 3.5 the dashed curve is the conditional mean wind vectors versus altitude given the
wind vector at the reference altitude. The locus of the conditional shear (heavy line), that
is in-plane with the given wind vector, gives the largest conditional wind shear.
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Figure 3.4 The 95 Percent Vectef Wind Ellipse, VAFB,10 km, December

Figure 3.5 Conditional 99 Percent Bivariate Normal Vector Wind Shear Circles,
Given the Wind Vector at 10 km, VAFB, December
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The cross section of Fig. 3.5 in-planc with the given wind vector is shown in Fig. 3.6.
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Figure 3.6 Synthetic Vector Wind Profile, (1) in-plane with given wind vector,
December VAFB

The selection of eight given wind vectors at an assigned reference altitude is usually
sufficient to describe the engineering systems design parameters. The VWP is formed as
the distribution of wind shears which varies with (1) the given wind vector at the reference
altitude, (2) altitude, (3) shear interval, (4) month, and (5) launch site. Because this model
is based on the propertics of the multivariate normal distribution, it can be made
completely general for any probability level. By convention, the 99 percent conditional
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shears are used for the VWP and the 95 percent wind vector ellipse is used for the
selection of the given wind vectors. For wind shear at less than 1000 m-shear intervals Eq.
3.1 is used. The classical 9 m/s square wave gust model is reduced to 0.85 of its value
when it is used with the VWP model.

The performance of the VWP model for two important engineering design parameters is
illustrated in Figs. 3.7 and 3.8 for the SSV, (Refs. 3.4, 3.5).

OEG ~ LB/FT2
xa= +1000

Ma = 1.05 - 150 MEASURED WINDS

~ 95 PERCENTILE MEASURED

Q95 PERCENTILE SYNTHETIC

< SYNTHETIC WITH GUST
Jgos

<2000 ~1000 | 1000 2000
DEG ~ LB/FT2

Fignre 3.7 STS-1 Pitch and Yaw Load Indicators, Mach = 1.05, April, KSC

ag®= DEG-LB/FTZ

+1000 - 150 MEASURED WINDS
Ma= 125 —35 PERCENTILE MEASURED
C 95 PERCENTILE SYNTHETIC
< SYNTHETIC WITH GUST
da= . DEG-LB/FTZ

~2000 ~1000 1000 2000

Figure 3.8 STS-1 Pitch and Yaw Load Indicators, Mach 1.25, April KSC
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The VWP model yiclds excellent agreement between the Qat, QP dispersions from only
eight trajectory simulations compared with the dispersions from simulations using 150
April Jimsphere wind profile measurements. These ascent trajectory simulation results for
Qo and QP are from a trajectory biased to the April monthly vector mean wind in both
pitch and yaw planes. Here, Qa is the product of dynamic pressure, Q, and angle-of-attack
o and QP is the product of Q and the angle of sideslip B. Note the larger range for these
parameters derived from the VWP when the design gust is applied at the reference altitude
corresponding to the respective Mach number (Ma). These results are for specific discrete
altitudes. In retrospect, it may be fortunate that this gust was applied as the design
procedure in view of the fact that the 95 percent envelopes of wind vectors taken at discrete
altitudes do not contain 95 percent of the wind vector profiles. Hence, it is suggested that
the 99 pereent given winds for the VWP without gust may give comparable results.

The usual vehicle design objective is to have the capability to fly through 95 percent of the
wind profiles in all months, not just a certain percent of winds at discrete altitudes or Mach

numbers. The determination of the sample size required to achieve this objective was
discussed in Section 2.

Critique of the Original Monthly VWP Model

éii?;&iii;’%? s

1. This model has been proven for derivation of acrospace engincering design
parameters for launch vehicles.

2. Itis based on objective statistical techniques.
3. Trajectory biasing techniques for ascent wind loads relief can be used.

4. Vehicle assessments can be evaluated for monthly reference periods.

Disadvantages
1. Itis a complex model.

2. The complete quadravariate normal model has not been implemented: i.e. the
inter-level and intra-level cross-component correlations are assumed to be
negligible, and the conditional ellipse for shears is made circular by taking the
root summed square of the conditional standard deviations.
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3.2.4 Monthly Enveloping Scalar Wind Profile (MESWP) Model

This was the first ‘enveloping’ wind profile model that takes advantage of desirable
attributes of the SWP and the original VWP models. The MESWP is less complex than
the VWP because it is for the most part a scalar model. The only “vector” attribute of the
MESWP is the derivation of the given wind speed at the reference altitude, which is the
magnitude of a selected wind vector to the monthly enveloping probability ellipse. Unlike
the SWP model which is based on subjective empirical statistical techniques, the MESWP
is based on analytical probability functions.

The justification for ‘enveloping’ is given in Fig 3.9, which illustrates (for KSC) the ellipse
that envelopes the 95 percent wind vector probability ellipses for all months at 12 km
altitude, and the 95 percent scalar wind speed (from Table 3.1), represented by a circle with
75 m/s radius. For the monthly enveloping ellipse illustrated in Fig. 3.9, there is a large
range of wind directions for which the wind speed is less than 75 m/s; thus, a scalar wind
model could unduly overestimate the wind magnitude.
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Figure 3.9 Comparison of 95 Percent Scalar Wind (circle) with the Ellipse that
Envelopes the 95 Percent Monthly Ellipses

Construction of a MESWP model wind speed profile for each reference altitude requires
the following derivations:
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1. The monthly enveloping probability ellipse.

2. The conditional wind speed shear for all altitude increments above and below the
reference altitude.

The derivations are described below.

3.2.4.1 Monthly Enveloping Ellipses

The monthly enveloping ellipse is defined by five proxy bivariate normal parameters: the
means and standard deviations of the wind components arc estimated from statistics
derived from the monthly ellipses and the corrclation cocfficient between the wind

components which is the value calculated from the entire data sample (all months).

The means for the enveloping ellipse are computed by:

T e (3.3)

Vi, —¥.p
Vp=—EE (3.4)

where, up vy andug., vg arc the largest and smallest values of the monthly largest

and smallest zonal (u) and meridional (v) wind components to the monthly 95 percent
probability ellipses at each altitude for each month, u ; and v, ; ,calculated from

Ui g :gi}siig {3,5}
¥ig ’-'-‘;E:l:}f.g&,{ {3.§}

where, Tand v are the monthly mean wind components, s, and s are the standard
deviations with respect to the monthly means, A, = J=2In(1-p) and p is probability.

The standard deviations for the enveloping ellipse are:
Sauw = (UpLg —Tp) /A, 3.7
sav = (Vg —Va) /A, (3.8)

The fifth parameter requircd to establish the enveloping ellipse is the correlation
coefficient. The monthly correlation cocfficients between the u and v wind components
are not greatly different from the annual correlation coefficients. Thercfore, the annual
correlation cocfficients were adopted. These five parameters are given in Table 3.4.
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A comparison of the monthly enveloping 95 percent ellipse with the annual 95 and 99
percent vector wind ellipses is shown in Fig. 3.10. It is not recommended that the annual
vector wind probability ellipse be used because the annual wind distribution is a mixture of
the several monthly distributions which have different means and standard deviations. It is
further suggested that the means (centroids) of the monthly enveloping wind ellipses, u,

and V., contained in Table 3.4, could be used if a single wind biased trajectory

representing all months is to be used for ascent structural wind loads alleviation. It is
understood that such an application may not be realistic because launch vehicle designers
would rather reap the benefits of loads alleviation and performance enhancements gained
by biasing to a wind profile that is a better approximation of the wind profile on the day of
launch. The adjusted means Uy and V4 , the adjusted standard deviations Sy and S,y

and the correlation coefficient are defined in Section 3.2.4.1.

Table 3.4 Adjusted Bivariate Normal Statistical Parameters for the Probability
Ellipse at each Altitude that Envelopes the Monthly Ellipses, KSC

ALT Ua Sau RUV) Va Sav
(km) m/s m/s m/s m/s m/s
0 -0.191 3.713 -0.141 -0.089 3.745
i 2.271 7.823 0.108 1.751 6.790
2 5.648 8.788 0.150 1.634 6.766
3 8.781 9.649 0.143 1.778 7.538
4 11.887 10.651 0.152 2.225 8.204
5 14.895 11.956 0.187 2.776 9.038
6 18.002 13.273 0.227 2.969 9772
7 21.174 14.823 0.255 3.505 10.781
8 24.567 16.459 0.270 3433 12.006
9 28.465 18.234 0.278 3.106 13.252
10 30.153 19.948 0.286 2.079 14.526
Il 31.309 21.713 0.277 1.274 15.855
12 30.338 22.672 (.292 0.509 16.237
13 27.493 22.465 0.325 0.349 15.313
14 24.420 20.208 0.353 -0.556 13.201
15 22.182 17.438 0.359 0.377 11.275-
16 19.874 14.990 0.340 0.775 9.520
17 16.342 12.970 0.305 0.967 8.167
18 12.012 11.302 (.282 0.957 6.526
19 6.818 10.236 0.208 0.629 5162
20 1.833 9.606 0.230 0.028 4409
21 -0.137 9.658 0.150 0.008 4588
22 -0.561 9.837 0.104 -0.312 4,158
23 -0.573 10.431 0.126 0.435 4277
24 0.961 11.5861 0.154 0.526 4,201
25 2.213 12.750 0.184 1.181 4,307
26 3.292 13.983 0.196 1.425 4,776
27 4,205 14,899 0.213 2.083 5.443
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Figure 3.10 The 99 Percent Wind Ellipses for Each Month and the Enveloping 99
Percent Wind Ellipse, KSC, 11 km

3.2.4.2 Conditional Extreme Value Wind Speed Shear, Given the Wind Speed

A bivariate extreme value probability distribution function (Refs. 3.10, 3.11, 3.12) is used
to model the conditional distribution for extreme largest wind speed shear versus shear
Jayer altitude interval for given values for wind speed. The statistics for this wind speed
shear mode! are derived from the KSC Jimsphere 150 wind profile per month data base.
For each Jimsphere wind profile between 3 to 16-km altitude, the largest wind speed shear
for selected shear layer intervals and the associated wind speed at the top of the interval
were computed. In general, the extreme largest wind speed shear in the profile is
associated with the largest wind speed.  This is especially true for the larger altitude
intervals. Because the Jimsphere data usually terminates at 16-km altitude and the largest
wind speed usually occurs in the 10 to 15-km layer, the negative wind speed shears
(decreasing wind speed with respect to altitude) are truncated or censored. Hence this wind
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speed shear model is based only on the positive wind shear. Uf negative (“back-off”) shears
as listed in Table 3.3 are required, it is suggested that the positive shear statistics be used.
Note from the analysis of wind speed shears calculated from Rawinsonde wind profiles the
empirical “back-off” shears listed in Table 3.3 are only slightly larger than those for
“build-up” listed in Table 3.2. The univariate extreme value probability distribution (Ref.
3.10) is an excellent fit to the observed wind shears and to a lesser degree for the
associated wind speed. The values for the extreme largest wind speed shear given in Table
2-60 of Ref. 3.1 are based on the assumption that the extreme wind speed shear is
conditional extreme value distributed given the wind speed at the top of the shear layer.
These shear statistics are presented for February because this month typifies the range of
conditional extreme largest wind speed shears given the wind speed for the other months.
An illustration for the 99 percent conditional extreme wind shear versus shear layer
interval for a given wind speed is shown in Figure 3.11.
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Figure 3.11 The 99 Percent Conditional Extreme Wind Speed Shear, 3 to 16-km
altitude, Given the Wind Speed, February, KSC
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3.3 AnImproved Vector Wind Profile Model (IVWP) Based on Conditional Wind
Vectors

3.3.1 Theoretical Concepts

A quadravariate normal distribution for wind vectors, {iﬁh ¥§}¥ at an altitude, Z;, and
wind vectors, {U,, V,}, at an altitude, Z;, has the property that the conditional wind
vectors at an altitude, Z, , are bivariate normally distributed given specific values for the

wind vector, {{?; ‘&f’;} at altitude, Z,.

Symbolically, this is expressed as:

e oy ULV, UV
f(§3¥¥32{%¥¥§): (U1 Vi, Up, Vo) (3.9)

§(§;§¥§}

The 14 statistical parameters for the quadravariate normal distribution for the zonal, U, and
meridional, V, wind components arc thc mean values, §§ . V1. _’i}g , and ";?3; the four
standard deviations, SDU,, SDV,, SDU,, and SDV,; and the six corrclation coefficients,
which are for like and unlike variables between altitudes Z, and Z;: R(U,,U,) and R(V,,V))
and R(U,,V,) and R(V ,U,), respectively, and unlike variables at the same altitude Z, or Z; :
R(U,V)and R(U,V)).

3.3.2 Wind Profile Construction

The procedure is, (1) define 12 specific wind vectors to the 99 percent probability ellipse at
a fixed reference altitude, (2) compute the five parameters for the conditional bivariate
normal probability distributions for all altitude levels above and below the reference
altitude and (3) find the intercept to the conditional probability ellipse toward the mean
values at the reference altitude. This conditional wind vector closely approximates the
largest vector wind shear between the reference altitude and each of the other altitudes.

For engincering  applications, the conditional wind vectors are expressed in polar
coordinates as wind speed and wind direction in the standard meteorological coordinate
system. Thus, the vector wind profile model is defined by the 12 equally spaced (30°)
increments from the centroid of the 99 percent probability ellipses at each refercnce
altitude which are the given values for the 99 percent conditional wind vectors that yield
the largest shear at all other altitudes above and below the reference altitude.

For the N altitudes for the available data base there are 12 x N vector wind profiles from
the surface (station elevation) to the maximum altitude. These vector wind profiles as a
function of altitude above mean sea level are expressed as wind speed and wind direction
in the standard meteorological coordinate system.
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The vector wind profiles are derived from the vector wind profile model for a selected
month, called the design reference month, that is representative of the high wind months.

This coordinate system is chosen because a vehicle could have a flight azimuth that may
differ from either axis associated with the wind components. Furthermore, for operations,
the wind data will be provided in the meteorological coordinate system.

The wind coordinate system used in the Space Shuttle program as a function of flight
azimuth, (FA), is:
W, (FA)=W cos (8- FA) [ in-plane wind component] (3.10)

where, a headwind is a positive in plane wind component and a tailwind is negative.

W, (FA) = W sin (6 — FA) [out-of-plane wind component] (3.11)

where, a right-to-left out-of-plane wind component is a positive crosswind and left-to-right
is a negative crosswind. The wind direction, 9, measured in degrees clockwise from true
north, is the direction from which the wind is blowing. W is wind speed and FA is flight
azimuth measured in degrees clockwise from true north.

3.3.3 Equations

This section presents the specific equations from Ref. 3.6 to compute (1) the given wind
vectors at the reference altitude, Z,; and (2) the five conditional bivariate normal
parameters at Z,, which are the conditional component means, the conditional component
standard deviations, and the conditional correlation coefficients. The five conditional
statistical parameters are used to compute the conditional bivariate normal 99 percent
probability ellipse from which the conditional wind vector that approximates the largest
shear between the reference altitude, Z,, and all other altitudes Z, above and below the
reference altitude. The following notation for the statistical parameters is used:

Means Variances Standard Correlation Covariances
Deviations Coefficients

(m/s) (m’/s%) (m/s) (unitless) (m’/s”

MU, SU, SDU, RU\V, SU,V,

MV, SV, SDV, RU,V, SUV,

MU, SU, SDU, RV U, SV .U,

MV, SV, SDV, RU,V, SU,V,
RUU, SuUU,
RV,V, SV,V,

The general expression for the covariance is SU;V; = RU;V;(SDU; )SDV;).
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The first step is to define the 12 given wind vectors to the 99% probability ellipse at the
reference altitude. These given wind vectors from the centroid of the probability ellipse
are defined at 30° increments of clocking angle, CA. mcasured in the standard
mathematical convention {counterclockwise).

Uj = MU, + RS cos(CA) (3.12)
V| = MV, + RS sin(CA) (3.13)
1

where, RS =
éﬁf— 2in(1-P)

where, P is probability =0.99 , and

Al= i cos(CA) 2 i ZRUL Y, cos{CA)sin{ CA) . sin{CA} 2 (3.14)
1-(RU,V;)* |\ SDU, SDU, Shv, SDv,

The conditional mean vectors, {CMU,. CMV,}, at altitude, Z, given specific wind
vectors, { §§¥ ,’%E; }, at the reference altitude are:

CMU,=MU, + (T, +T,))/[1 -RUV * RU V)] (3.15)
where,
T,=[RUU,-RUV,* RUV ] * {{5} MU)) (SDU,/SDU))
and
T,=[RU\V,-RUU, *RU,V] * (V -MV)(SDU,/SDV)
CMV, =MV, +(T,+T)/[1 - RUYV,*RUV|] (3.16)
where,
T,=[RV,U,-RVV, * RUV] (y;- MU (SDV,/SDU)
and

T,=[RV,V,-RV,U,*RU,V,] (V[ - MV)) (SDV,/SDV,)

The conditional standard deviations are:

CSDU, = [sigma (1.,1)]"” (3.17)
and
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CSDV,=[sigma (2,2)]" (3.18)

The conditional correlation coefficient is:

CRU,V, =sigma (1,2) / (CSDU,(CSDV,) (3.19)
where,
sigma (1,1) = SU,- SUU,[SUU,* SV, -SU,V *SUV ]/D
-SVU,[-SUU,*SUV, +SUV *SU]/D
sigma (2,2) = SV,-SU,V,[SU,V,*8V, -SV V,*SUV ]/D
-8V, V,[-SUV,*SV U,+SVV,*SU]/D
sigma (1,2) = SU,V,- SU,V,[SUU,* SV -SUV *SUV ]/D
- SV, V,[SUU,* SUV,+ SU,V * SU J(1/D)
and, D =(SU)(SV) - (SU,V)[SU V).

Note that the given wind values U, and V" are required for the conditional mean
component and not for the conditional standard deviations.

The intercept of the conditional 99 percent probability ellipse (PE) toward the centroid of
the 99 percent PE at the reference altitude is computed for each altitude above and below
the reference altitude. This is the vector wind profile model. The computations are:

UC, = CMU, + RSC cos(CC) (3.20)
and

VC, = CMV, + RSC sin(CC) (3.21)

Where CC = CA + 180, i.e., the clocking angle to the given vector plus 180 degrees.

RSC =

1
A.J-21In(1-P)

where, P is probability = 0.99, and,

Al=

I-(CRU, V)’

1 cos(CC))* _ 2CRU, V; cos(CO)sin(CC) _ ( sin(CO) : (322)
CSDU, CSDU,*CSDV, CSDV, ’

A schematic (Fig. 3.12) taken from Ref. 3.6 shows the construction of a given wind vector
at 12-km altitude for a clocking angle of 30° and the conditional wind vector at 10-km,
which is 210°, (30 + 180), on the 99 percent conditional probability ellipses.
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Figure 3.12 Schematic of Profile Construction Between a Reference Altitude of 12-
km and an Altitude of 10 km. Clocking Angle 30°

An example of the 12 vector wind profiles for KSC. February for the 12-km reference
altitude is presented in Fig.3.13 for the zonal (U) and Fig.3.14 for the meridional (V) wind
components.

3

Figure 3.13 Vector Wind Model, U-Component KSC, February,Z =12 km
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Figure 3.14 Vector Wind Model, V-Component ,KSC, February Z, = 12 km
3.3.4 Application of the Vector Wind Profile Model

The vector wind profile model described herein is appropriate for monthly reference
periods. It is intended to be used in conjunction with the ascent guidance and control
system (auto-pilot) steering commands programmed to fly the profile of monthly mean
winds. Various vehicle programs have used different terms for the programmed steering
commands (e.g., the early Saturn program called the commands the chi-tilt program, later
they were called the wind-biased trajectory, and the Space Shuttle program calls the
steering commands the I-Load). The launch vehicle designer may choose a few months to
find the monthly VWP model that produces the largest monthly dispersions of ascent
vehicle aerodynamic load indicators Qo, QB . The largest monthly dispersions for wind
occur during the winter high-wind months so that it is appropriate to use the worst month
from the winter season for the design reference Qa, QB dispersions.

3.4 Conclusion

This chapter has presented a description of five wind profile models for aerospace vehicle
ascent design. The improved monthly vector wind profile model is the most general and is
recommended for future launch vehicle design studies.

The development of wind profile models for aerospace vehicle design applications has
been an evolutionary process. There will continue to be requirements for wind models for
future  aerospace vehicle design applications. As aerospace engineering science
advancements are made, there will be requirements for more advanced wind models. The
recommended model for a particular vehicle program must be tailored to meet specific
program requirements and vehicle mission objectives. Therefore, it is not possible to use
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the specific characteristics of any ascent wind profile model presented in this report as
design criteria.
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4.0 ASCENT STRUCTURAL LOADS ANALYSIS

4.1 Introduction

In 1988 the authors introduced (Ref. 4.1) the use of extreme value (Gumbel) statistics
(Refs. 4.2 and 4.3) as a methodology for analysis of acrospace vehicle ascent structural
loads and establishment of wind load increments for protection of the commit-to-launch
decision for the Space Transportation System (STS). This section describes  further
application of extreme value analysis to a larger wind loads data base and development of
methods for analysis of Go and No-Go joint and conditional probabilitics for the STS for
various day-of-launch (DOL) wind biasing scenarios (Ref. 4.4).

The STS commit to launch decision is based on trajectory and loads simulations using a
wind profile measurement 3.5 hours prior to jaunch. Load increments, that protect for 99
percent of the load change during the 3.5-hour period, arc calculated for all wind profile
sensitive load indicators. Trajectorics that arc biased to a DOL wind profile produce
smaller protection increments than trajectorics that arc biased to the profile of monthly
mean wind. Smaller wind load protection increments are desirable because of the inverse
correlation with the probability of *‘Go’ for launch. The probability of launch 'Go' or 'No-
Go' is examined for individual, joint, and conditional combinations. with or without the
protection increment, for 41 load variables that are calculated for each wind profile of the
114 KSC winter 3.5-hour Jimsphere pairs data base.

The concepts and the statistical analytical methodology presented herein have general
applicability for future launch systems that use a trajectory and loads assessment based on
a DOL wind profile for the commit to launch decision.

4.2 Procedures and Definitions

A sample of 114 winter 3.5-hour Jimsphere wind pairs for Kennedy Space Center (KSC) is
used in an STS ascent flight trajectory simulation program; trajectory parameters arc used
in algorithms for the computation of load variables as a function of Mach number. The
trajectory parameters of primary importance are the dynamic pressure, Q, the angle of
attack. @, and the angle of sideslip, . The load indicator algorithms relate external loads
such as axial force, shear, bending moment, and dynamic pressure, to stress at critical
Jocations over the Space Shuttle structure. The load indicator values are for rigid body
loads duc to the combined effects of the trajectory and the wind profile. Some load
indicators have either positive or negative sign conventions. Some load indicators have
both positive and negative sign conventions. Hence, there are more load variables than
load indicators. The trajectory and loads simulations werc performed for each of the 3.5-
hour wind pairs. A sclection of 41 of the most wind sensitive load variables was made for
statistical analysis.
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4.3 Wind Biased Trajectories

For this analysis of simulated STS winter launches , three techniques called I-Loads are
used to bias the ascent trajectory in the pitch and yaw planes to alleviate wind loads. An I-
Load is the steering commands that guide the vehicle through the first stage. These I-
Loads are: ’

1. Baseline - The profile of the KSC February vector mean wind is used to establish
the Baseline I-Load.

2. DIBS - Day-of-Launch I-Load Biasing System. The DIBS I-Load is derived from
low-pass filtered (smoothed) Qa and QP trajectory profiles for a Jimsphere wind
profile 3.5 hours prior to launch, which is simulated by using the 1st of the wind
pairs from a sample of 114 KSC Jimsphere winter pairs.

3. FIBS (or modified DIBS). The FIBS I-Load is derived from Qo and QP trajectory
profiles for a 6000-m low-pass filtered Jimsphere wind profile 3.5 hours prior to
launch, which is simulated by using the filtered st of the wind pairs from a sample
of 114 KSC Jimsphere winter pairs.

The DIBS technique appeals to the engineering community. The FIBS technique appeals io
meteorologists because the wind profile used for the biased trajectory is defined.

Rigid body ascent loads simulations were performed for each of the 114 wind pairs for
each of the three I-Loads. This work was performed by the Rockwell Space Operations
Company (RSOC) Houston, Texas.

4.4 Loads Data Definitfions

The structural load parameters of interest for the launch decision are expressed as Load
Minimum Margin (LMM). The definitions for these variables, LMM and peak load (PL)
are given below ; the relationship between the variables is illustrated in Figure 4.1.

1. The load limit is the ultimate structural load.
2. The Redline is the load limit reduced by the 1.4 safety factor for manned vehicles.
3. The Load Allowable (LA) is defined as:

LA = Redline - L%s +L?% CR))

where, Lg and Lg are the contributions to the load by systems uncertainties and the
flexible body response to the design gust, respectively.
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4. The LMM is defined as: If the simulated rigid body load exceeds the LA, the load
margin is ncgative, which is a ‘No-Go’ for launch. If a negative margin occurs at
any time over the Mach range of interest (0.6 to 2.2), the LMM is negative and is
equal to the largest negative value of the load margin. If the simulated load is less
than the LA for the entire Mach range of interest, the load margin is positive,
which is a *Go’ for launch; in this case the LMM is a positive and is equal to the
smallest value of the load margin over the Mach range of interest.

5. The wind load persistence increment accounts for the contribution to loads
variability by the variability of the wind profile with respect to time. This is the
principal topic of this paper.

6. The Peak Load (PL) is the largest load for positive load indicators (smallest for
negative load indicators) from the rigid body load simulation for a wind profile.

For some load indicators the LA is highly variable over the Mach range of interest (0.6 to
2.2). This is primarily due to the acrodynamic uncertaintics contribution to loads near
Mach one. For such indicators the LMM could yield a load excecdance and the PL could
yicld a non-exceedance (Sec Figure 4.1). For somec load indicators, the LA is
approximately constant over the Mach range. For these load indicators, the LMM and the

peak load occur at the same Mach number.

. 1 NEGATIVE MARGIN
2 POSITIVE MAARGIN

L

LOAD vmnwmmm

,\"-‘--‘-._‘;-

b — - LGAD
ALLOWABRLE
- Ty rrrhy 7
LOAD LIMUIT
- i i i i i i i i i i
o8 24
MACH MUMBER

Figure 4.1 Schematic for Load Minimum Margin (LMM) and Peak Load (PL) from
a wind profile loads simulation
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The loads data are derived from rigid body loads simulations for each of the 114 winter
3.5-hour KSC Jimsphere wind pairs for each of the three I-Load(s) (i.e., Baseline, DIBS,
and FIBS) giving for each load indicator the LMM and the Mach number at which the
LMM occurred, the PL, the Mach number at which the PL occurred, and the LA versus
Mach number. The original load data set contained approximately 300 load variables,
which were reduced to 63 variables for a general analysis, and then further reduced to the
41 most wind sensitive load variables for statistical analysis.

4.5 Extreme Value Probability Functions

This section presents, in general notation, the extreme value probability functions used in
the analyses of the STS ascent structural loads described in the previous section.

4.5.1 Univariate Distribution

The first asymptotic extreme value distribution developed by Gumbel (Ref. 4.2), that now
often bears his name, has the probability density function, @(Y), given by:

o(Y) = 1oty exp [-Y - &7Y] 4.2)
The Gumbel cumulative probability function (CPF) is:
O(Y)=exp [-e Y] (4.3-1)
where, the reduced variate, Y (-eo £Y < o0) is:
Y =(y - Hy)/oy (4.3-2)

where, y is the extremal random variate, Ly is the location parameter (the mode), and aiy is

the dispersion parameter. Gumbel's modified moment method is used to estimate \, and
Oy .
Qy =Sy / Gy 4.4)

By =¥ -0y Y, 4.5)
where, Sy and y are the sample standard deviation and mean values, respectively; G, and
¥, the standard deviation and mean values for the reduced variate, are a function of
sample size, n. Forn=114, 6,=1.2118, y, =0.5613. As n— o, ¥ approaches Euler’s

constant (0.57722), and o, approaches 7/ J6 (1.2855). The inverse solution of Eq. 4.3-1
(i.e. the reduced variate as function of probability, p) is:

Y, =-In [- In(p)] (4.6)
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The variate y, is calculated from Y, ,
Yp=Hy+0y Yp 4.7

4.5.2 Bivariate Distribution

For the Gumbel! bivariate extreme value distribution, there are two forms (Ref. 4.3). They
arc designated as the a-case and the m-case. The two forms are identical only when the
variates arc independent.  The m-case is more general and is the one selected for
subsequent analysis. The probability density function for the m-case is:

, A Wm-2 . 17
(X, Y.m)=0(X.Y. m}{({ﬁﬁ +a'§§‘*) " g‘fﬁf‘“&‘f’{({gﬁ‘*ﬁ‘f) " +§z—§}} (4.8)

where @(X.Y.m), the bivariate extreme value probability distribution function (PDF) for
the m-case is:
GX.Ym)=cxp| (X 4e ’ffff‘}i“‘ir mj (49

where, @(X,Y,m) is the probability p that X and Y arc contained in a rectangle, expressed
as P=Pr{-0 < X < X" -0 €Y <Y*; m). Y is the reduced variate as defined previously
(Eq. 4.3-2) and X is the reduced variate, similarly defined as:

X =(x-puyoy. (4.10)

The parameter, m, is a measure of association between the two extreme value variates
given by:

m=[1-p)1/2 wherem>1 @.11)

and p is the correlation coefficient between either the original random variates or the
reduced variates. From Eq. 4.11, p mustbe 2 0.

In summary, the required Gumbel paramcters for Eq. 4.8 py. py, oy, oy, and m are
estimated from the sample parameters Xy, Sy, Sy. and r(x, y). In the loads analysis

described in later paragraphs, the load indicator values for the Ist and 2™ of the wind
pairs are designated as Y and X respectively.

4.5.2.1 Probability Within Contours
Contours of equal probability for the bivariate extreme value distribution are calculated by

a double numerical integration of Eq4.8 that takes advantage of the symmetry of the
contours with respect to a coordinate system that is rotated by 45 degrees counter-
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clockwise relative to the original coordinate system. Figs. 4.2 through 4.4 illustrate the
contours for variables that are independent (m=1), moderately correlated (m=1.414) and
highly correlated (m=2), respectively; the probability density values and the probabilities
for the numbered contours are listed in Table 4.1; the values for positiveX’ at the
intersection of each contour with the rotated X axis are also listed in Table 4.1. The
solution of the bivariate extreme distribution in this form has valuable theoretical and
practical applications in the analysis of the joint relations between extremals.
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Figure 4.3 Bivariate Extreme Value Density Contours (m=1.414)
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Figure 4.4 Bivariate Extreme Value Density Contours (m=2.00)

Table 4.1 Probability Contained within Contours (Figs. 4.2 through 4.4) of Equal
probability Density for the Gumbel Bivariate Extreme Value Probability Function,

m-case
M=1000p=00000 M=1414,p=0300 M=2000,p=07500
X’ mode = 0.000 X’ mode =-0.14916 X’ mode = -0.19041
Modal Density = 6.13534 Modal Density = 0.16471 Modal Density = §.20099

Contour Density Density Density

Number X’  Contour Proh. X’ Contour Prob. X’ Contour  Prob.
i S0 121060 0905 33 A5039 0 0704 31 19480 0578
2 100 09069 2892 83 11964 2265 81 16147 .1838
3 150 05998 5016 135 0R733 4000 1.31 12479 3403
4 200 036315 6769 185 06067 5335 1.81 9246 A824
3 256 02071 RG22 135 p4112 6750 231 D6686 £028
5 300 01131 BB 285 02763 7656 2381 54769 5994
7 350 60599 9341 333 DI858 B34 131 03376 7746
g 400 00310 9634 385 01255 8785 381 02381 8320
g 430 00139 9801 435  DORSS &2 431 01675 8753
i0 5060  DODORG 9892 485 00386 93564 481 01178 8078
it 550 00030 9947 535 00464 8538 531 00827 9320
iz 600 00020 9970 585 00280 9664 581 00381 8300
i3 635 001984 8755 £31 00408 5613
i4 685 00135 8R22 681 00287 973
i5 735 00095 8870 7.31 00201 9803
i6 7.85 .00D66 9906 7.8 00141 98355
17 835  .0D0D48 9931 g3 006099 5895
18 885  .0DD33 993D 881 00070 5924




4.5.3 Logistic Distribution

The differences between the reduced variates, X and Y for the m-case bivariate extreme
value distribution function is a form of the logistic distribution. Let

X-Y)=t (4.12)

The logistic PDF is:
F(t) =[1+e ™! (4.13)

where, the mean t = 0, and the theoretical standard deviation, oy, is:

G, (4.14)

_ =
V3m

Eq. 4.13 is a symmetrical function about zero. An important application of the logistic
PDF is as a hypothesis test for establishing the m-case for bivariate extremals i.e. the
logistic distribution for the differences of extremals X and Y is a necessary and sufficient
condition for the m-case bivariate extreme value distribution of X and Y.

An alternate method for estimating the m-parameter is to solve Eq. 4.14 for m using the
sample standard deviation of the differences between two variables (s) for G, .

4.5.4 Conditional Distribution

An important application of the conditional extreme value probability function is made to
obtain the wind loads persistence increment using the data bases described in Section 4.4.
The conditional extreme value probability distribution function for the m-case is:

O X<X Y=Y} =Z2" exp[-Z"™-(m-1) Y +e Y]] (4.15)

where, Z = (e™MX + eMY) and X and Y are the reduced variates. Eq. 4.15 has the
following meaning: It is the probability that X will be less than or equal to an assigned
value X* given that Y isequal to Y, |

It is the inverse solution of Eq. 4.15 that is desired to obtain the time conditional percentile
value for the wind loads persistence increment; namely, for a conditional probability of
0.99, and a known value of X, what is the value of Y 7 This solution cannot be obtained in
closed form. It is obtained by an application of Newton's numerical method of successive
approximations. In applications for the LMM data set, the conditional reduced variate is
converted to the original variate having physical units. The conditional 99th percentile
value for LMM is called the 99% wind loads persistence increment.
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From the functional relationships between Egs. 4.3-1 and 4.9, the conditional probability
function for an interval is derived as:

(4.16)

{}}{Xi’fz;m %{Xi‘i’;;m}
{

ﬁ}{}ié}{*? <Y<Y,: }: _
e T ey

where, Y7 > Y). By setting Y7 = Y| +¢, where € is a small increment, this function will
approximate Eq. 4.15.

4.6 Statistical Analysis

To illustrate the specific analyses techniques, four Space Shuttle orbiter load variables are
selected, they are:

(1) WINGRA14(-), this is the right (R) wing spar cap.
(2) WING LA 14(-), this is the left (L) wing spar cap.

The sign convention for the load variables is in parenthesis.

(3) VTL 11(4), this is the left (L) vertical tail root rib beaded panel web (positive side).
(4) VTL 11(-), this is the left (1) vertical tail root rib beaded panel web (negative side).

Detailed statistical analysis for these load variables for the three I-Loads are presented.
Summary statistics arc presented for the 41 most wind sensitive load variables. The
physical units for all load indicators have been purposely omitted.

4.6.1 Load Minimum Margin (LMM)

The five bivariate Gumbel extreme value statistical parameters for LMM for the four
orbiter load variables listed in Table 4.2 were computed using Eqs. 4.3-1 and 4.7. The first
step in the analysis is to establish that the sample marginal distributions are univariate
Gumbe! distributed. The next step is to justify application of the m-case bivariate Gumbel
distribution by establishing that the differences between the paired reduced variates fit the
logistic distribution.

Figure 4.5 compares the LMM Baseline I-Load sample probabilities (dots) with the
theoretical Gumbel probability distribution (the straight line) for the Ist of each 114 wind
pairs for load indicator WINGRA14. The two curved lines are the 68 percent confidence
bands. These curves give a measure of goodness of fit. Figure 4.6 illustrates a similar
comparison for the DIBS I-Load. These Figs. indicate that there is an excellent agrecment
between the empirical and theoretical Gumbel probabilities. The algebraic sign for the
LMM has been reversed solely for mathematical conveniences. Thus, the positive values
(Figure 4.5 and Figure 4.6) on the ordinate scale, yicld negative margins, that is, a ‘No-Go'
condition. From Figure 4.5, there are four wind profiles (dots above the zero line) that
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produce load exceedances. The theoretical exceedance probability for this example, from
Table 4.2 is 0.9603 (denoted as P{Y} for the Ist of the wind pairs; the empirical
probability is 0.9565 (114-4)/(114+1). The theoretical probabilities that the LMM will not
exceed the LA for the Ist and 2nd of the pairs in Table 4.2 are computed from the
univariate Gumbel probability distribution using the reduced variates, Y =(0—-py)/ 0y

and X =(0-p,)/ oy, respectively. These probabilities give the ‘Go’ probabilities for the
load variables after accounting for the 1.4 safety factor, system's uncertainties and gust
(flexible body) contributions to loads. But no allowance has been made for wind load
persistence. From Table 4.2, it is seen that, by biasing to the wind profile measured 3.5
hours prior to launch time (T = 0), the DIBS or FIBS technique will increase the
probability of ‘Go’ (no load exceedance). The computations and graphical comparisons
used for the example described in Table 4.2 and Figures 4.5 and 4.6 were also made for all
of the 63 ascent load variables. The 41 most wind sensitive variables have probability
distribution functions that adequately fit the Gumbel distribution. Load indicators
WINGRA 14 and WINGLA 14 have the highest probability of a ‘No-Go’ (load exceedance).
If all the load variables were statistically independent, the launch probability, without
allowance for wind load persistence, would be the product of the probabilities, P{X} or
P{Y}, for all the load variables. It is known from the load algorithms and from sample
correlation coefficients that the load variables are not independent. In fact some load
variables are highly correlated with each other. Since no simple theoretical model was
found to combine these probabilities, the empirical method of counting the wind profiles
that yield load exceedances (non-exceedances) is used.

Table 4.2 Bivariate Gumbel parameters for Load Minimum Margin (LMM) and the
probabilities for no load exceedances for LMM for 1st of pairs (y) and 2nd of pairs
(x) from 114 winter KSC 3.5-hour wind pairs

I-LOAD py Bx oy ox m P{Y} P{X}
BASELINE

WING RA 14(-) -5597 -5663 1746 1764 1918 9603 9604
WING LA 14{-) -5579 -5616 1712 1806 1.985 9623 9563

VIL 1{+} 051 050 0.09 009 2019 9965 9954
VTL LI() 034 034 006 0.06 2.448 9965 9963
DIBS

WING RA 14(-) -3666 -5741 1339 1292 1631 9856 9983
WING LA 14(- 5303 5293 1278 1354 1.561 9844 9802

VTL 1I{#) 049 -048 005 005 1230 9999 9599
YTL 11() 036 037 003 0.04 1.403 5999 9999
FIBS

WING RA 14(-) 6318 6315 1496 1339 1.735 9855 5911
WING LA 14() -5488 -5335 1391 1396 1.687 9203 .9784
VTL 1i{#) 048 046 006 005 1.350 9997 9998
VTL LI(9) £0.38 038 003 004 1304 9999 9999
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Figure 4.5 Gumbel extreme value probability distribution for LMM Baseline I-Load
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Figure 4.6 Gumbe! extreme value distribution for LMM DIBS for WINGRA14 from
1st of 114 winter 3.5-hour wind pairs, KSC
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The differences between the reduced variates for the LMM from the wind pairs were tested
for goodness of fit to the logistic probability function. The fit is adequate for all the 41
load variables for the three [-Loads; this validates the use of the Gumbel m-case bivariate
extreme value probability distribution functions.

4.6.2 Wind Loads Persistence Increment for LMM

The wind load persistence increment is derived from the conditional extreme value
Gumbel probability distribution function for the m-case (Eq. 4.15). For the illustrated
LMM statistics given in Table 4.3, the st column identifies the load variables for the three

I-Loads, the 2nd column is the reduced variate X* for LMM from the Ist of the wind pairs.
X* = (0 - pg)oy. The 3rd column, denoted by | Y g9, is computed by obtaining the
inverse solution to Eq. 4.15 for the conditional probability P, = 0.99.

This is the value required to calculate the 99th conditional percentile values given in
column 4, denoted as LALMM, which is the largest allowable load minimum margin to
protect for 99 percent of the load change, given that the ascent load is determined from a
wind profile measurement at T - 3.5 hours. It is computed by:

LALMM = py +ay (| Y 99) #.17)

Henceforth, this statistic is called the 99 percent wind load persistence increment. Column
5 in Table 4.3 gives the probability that the ascent loads will not exceed the LALMM
which is computed using the univariate Gumbel distribution, i.e.:

Pr{LALMM)} = exp [-e | Yoo1. (4.18)

Column 5 gives the probability that there is no load exceedance after accounting for the 1.4
safety factor, the system's uncertainties and wind gust contributions to ascent loads, and the
99 percent 3.5 hour wind persistence increment. This probability increases for DIBS or
FIBS compared to the Baseline I-Load; i.e., an increase in launch probability is indicated
for DIBS or FIBS. For WINGRA4, the Go probability is 70.66 percent for Baseline,
88.50 percent for DIBS and 92.17 percent for FIBS.

Column 6 in Table 4.3 is the 99th percentile wind load change for LMM over the 3.5-hour
time interval derived from the logistic distribution (Eq. 4.14):

AL, = (e/m) [~ In (1/p - )] (4.19)

Because the logistic probability distribution is symmetric on either side of zero, the 1 and
99 percentiles are equivalent in magnitude but have opposite signs. The 99th percentile
wind load changes over 3.5 hours (column 6) are, in general, larger than the absolute
values for the conditional 99th percentile value given in column 4. This is as it should be,
because no prior load is used as given information from the Ist of the wind pairs. Column
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7 gives the probability that the LMM will not be exceeded using the 99th percentile wind
load change. This probability is computed from the univariate Gumbel distribution by:

P{AL,, } =cxp - [c “(Algy - By} / 0y (4.20)

9 !
Comparing columns § and 7, it is seen that the wind load change probabilitics are less than
those using the conditional 99th percentile wind load increment. For example, in column
7, the WINGRA 14 load variable for Baseline gives a 64.10 percent chance for Go whereas
the conditional yields a 70.66 percent chance for Go (column 5). For this example
(WINGRA14), the 98th interpercentile range is #4182 (units unspecified): using AL =
+4182 in Eq. 4.20 gives the most favorable probability for Go which is 99.63 percent. It is
known that the wind load changes during the day-of-launch (DOL) countdown can become
more favorable or less favorable for launch. From the logistics probability function, there
is a 50/50 chance that the LMM wind load changes will either increase or decrease with
respect to time. However, it is the 99 percent wind load persistence increment, derived
from the conditional extreme value probability (LALMM Table 4.3), that is used for
protection of the load allowable.

Table 4.3 The conditional 99th percentile values (LALMM) and the 95th percentile
load change (AL g9g) for LMM from 3.5-hour wind pairs

9 RUILLEI J
+LOAD x* i’;.ﬂ LALs FEATADS §§‘3¥ P {;ii,,i
Ll Lol 3 Tl d Jut & Tl % Tl & gy
BASFLINE

WINGRA MY 1210 1067 3741 A 4182 6410
WINGLATI Y 3109 0986 3E01 68%¢ e 46773

VTL tHs) 5377 333 0N 9679 Q205 9649
VTL 11 5607 1752 01D 9% DM 9777
DIBS

WINGEA Y 433y D1 3850 BE%D 1 18y
WISO LA 3909 1387 3530 7790 AT J42

VTL 1T+ 913 676 014 %8 OIRT 9977
YTL ) I8 FOoh 013 9971 0098 ¥R
FIBS

WISGRA I 4718 2807 3367 97 Y ORINR

WINGLA Iy 1812 44 M%7 M 3788 743R

VTL 1H+} BN £00F 012 WTF 00 W

YTL 1K Wiy EI1RE O3 9997 GIDA é‘}"ﬂ
a3 Calumn 415 the 77 percent wind loads perzistence increment

A summary for the number of wind profiles that had a load exceedance for any one of the
41 load variables (No-Go) is given in Table 4.4 with or without the wind load persistence
increment applied to both the Ist and the 2nd of the wind pairs. There is a great decrease
in the percent of Go wind profiles when the wind load persistence increment is used. This
analysis (Table 4.4) clearly shows the significance of the wind load persistence increment
and the superiority of DIBS and FIBS compared to Bascline I-Load. For example, the
percent of Go wind profiles for the Ist of the wind pairs without wind load persistence is
90 percent for Baseline, 98 percent for DIBS and 96 percent for FIBS. The percent of Go
wind profiles for the first of the wind pairs with the wind load persistence is 38 percent for
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Baseline, 63 percent for DIBS and 64 percent for FIBS. FIBS is equally as effective as
DIBS in increasing the percent of Go wind profiles over that of the Baseline I-Load.

Table 4.4 Number of No-Go wind profiles and empirical Go probabilities for LMM
for 41 STS load indicator variables from 114 winter 3.5-hour KSC wind pairs

Without Wind With 99% Conditional
Load Pessistence Wind Load Persistence’

FLOAD . NO-GO %ofGO* #NO-GO % of GO
Winds Winds Winds Winds

BASELINE

Ist of Pair 10 90 70 38
2nd of Pair 1z g9 73 36
DIBS

1st of Pair 1 98 42 63
2nd of Pair 2 97 47 58
FIBS

ist of Pair 4 96 40 &4
2nd of Pair 2 97 43 61

a. Percent GO Winds = (114 - # NO-GO Winds/115)100
b. Wind Load Persistence increment applied to both the 1st and 2nd of pairs.

4.6.3 Go and No-Go Combinations

This subsection presents a detailed statistical analysis for Go and No-Go combinations for
individual load variables for LMM using the three I-Loads (Baseline, DIBS, and FIBS).
The extreme value probability functions used in this analysis are:

®{Y}=exp[-eY], 4.21)
where, Y = (L1 - pp)/oy is the reduced variate for LMM from the first of the wind pairs.
This gives the Pr{L.; <L{*}.

(X} =exp [ X], (4.22)
where, X = (Lp - Hp)0 is the reduced variate for LMM from the second of the wind pairs.
This gives the Pr{ly <Ly*}.

O{X.Y;m} = exp{e‘mX +e~mY]l/m 4.23)

This is the joint (bivariate) Gumbel m-case extreme value probability distribution function.
This gives Pr{ly <Ly*, L1 <L1*}. The five Gumbel parameters are from Table 4.2, and

the wind load persistence increments are from Table 4.3. Further, we specify the following
cases for Y and X:
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(1) We assign Ly = 0 and L, = 0 to yield the Go probability for LMM without wind
load persistence for first and second of the wind pairs, respectively.

(2) We assign Ly = LALMM and L, = LALMM, where LALMM s the wind load
persistence increment (Table 4.3) to yield the Go probabilities for LMM with the
wind load persistence increment for the first and second of the wind pairs,
respectively.

(3) Also, we assign L, = 0 (without persistence for the second of wind pairs) and L, =
LALMM (with wind load persistence for the first of wind pairs).

The theoretical joint extreme value probability functions for LMM from the first (Y) and
second (X) of wind pairs arc expressed as:

(i) Pr{Go.Goj} = ®{X,Y: m) (4.24)
(ii) Pr{No-Go> {;c}i}-%}{?; -®(X,Y; m) (4.25)
(i) Pr{GoyNo-Goy}=®{X) - ®(X, Y; m) (4.26)
(iv)Pr{No-Goy No-Goj }=1 - [X} - B(Y) + ®{X, Y; m) (4.27)

The sum of the above probabilities is unity. From the above joint probability functions, the
theoretical conditional probability functions are:

) Pr{GojlGo} = (X, Y; m}/®(Y]} (4.28)
(iiy  Pr{No-GoylGoj}=®[Y} - (X, Y, m}/P{Y} (4.29-1)
=1-Pr{Goy|Go;} (4.29-2)
(i) Pr{GosNo-Go}=(®({X] - [X,Y; m})/(]1 - P{Y}) (4.30)
(iv)Pr{No-Goj|No-Goj }= (1 - (X} - (Y} + (X, Y, m})/(]1 - @(Y}) 4.31-1)
=1 - Pr{Goj|No-Goy } (4.31-2)

The sum of Eqs 4.28 and 4.29 = 1. and the sum of Eqs 430 and 4.31 = 1.

The computational forms for the above theoretical functions used to compute the empirical
probabilities are:

(i) Pr{Goj}=ni/(n+1) (432)
where n, is the number of observed counts for Goj and n is the sample size.

(ii) Pr{No-Goj} = 1 - Pr{Go} (4.33)
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(i)  Pr{Goz}=ny/(n+1) (4.34)
where, n; is the number of observed counts for Gos.

(iv)Pr{No-Goy} =1 - Pr{Go3} (4.35)

For the joint probabilities the computational forms are:

(i) Pr{Go9,Go1 }= the joint # of counts {Gojp, Goj}/(n+1) (4.36)
(i)  Pr{No-Gop,Goj}=# of Goj counts/(n + 1) - Pr{Goy,Goy } 4.37)
(iii)  Pr{Goy,No-Goj }= # of Goy counts/(n + 1) - Pr{Gop,Go1 } {4.38)
(iv)Pr{NG;Gag,N{}-Go; }=1-Pr{Goy} - Pr{Go1} + Pr{Go{,Goy} 4.39)

For the above joint Go and No-Go empirical functions, the only necessary data are the
observed number of counts (n) for Goy, Go and the joint (simultaneous) observed number

of counts {Go| and Goj}; for this analysis the total sample size, n, is 114,

The computation forms are:

(i) Pr{Goy|Go1} = the joint # of counts {Goy,Go }/[# of Goj counts + 1] (4.40)
(i1)Pr{No-Go9|Goy} = 1 - Pr{Go|Go} (4.41)
(i11)Pr{Gog|No-Go| }= the joint # of counts{Go;,No-Go1 }/[#No-Gojcounts+1] (4.42)
(iv)Pr{No-Goy|No-Go1 }=1 - Pr{Gop|No-Goy} (4.43)

For the above empirical conditional probability functions, the only necessary observed data
are those for the joint probability functions plus the joint (simultaneous) observed number
of counts for {Goy, No-Goj}. The empirical and theoretical probabilities presented in

Tables 4.5 through 4.10 are computed using the foregoing application of the wind load
persistence increment.

The number of observed wind profile counts is sufficiently large for Baseline WINGRA14
with the wind load persistence increment applied to both pairs (Table 4.5) to make feasible
the comparisons between the empirical probabilities and the theoretical probabilities for the
Go, No-Go, joint and conditional probabilities. Considering the sample size, there is good
agreement between the observed and theoretical probabilities for this load variable. The
theoretical probabilities for the WINGRAI14 load variable for DIBS and FIBS are
compared with the Baseline I-Load in Table 4.6. For this load variable, the Go
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probabilities, the joint Go probabilities for the first and second of the wind pairs and the
conditional probabilitics for Go for the second wind profile, given that there is a Go for the
first of wind pairs, all increase over the Baseline I-Load for DIBS and FIBS. The most
undesirable situation (Table 4.6) is the conditional probability: Given that the WINGRA14
load variable is favorable for launch (Go 1st) at 3.5 hours prior to launch (T - 3.5 hours),
then there is a 13.18 percent probability for a No-Go at T-0 using the Baseline I-Load; for
DIBS, this probability is 5.18 percent and for FIBS it is 2.51 percent. Evaluations for the
other conditional probabilities can be made for various scenarios. The Go, No-Go, the
joint Go, No-Go, and conditional probabilitics as in Table 4.6, for each of the 41 load
variables for the three I-Loads, have been computed using the 3.5-hour 99 percent wind
load persistence increment applied to the wind pairs. These statistics have important
applications in the engineering ascent load assessment to identify the most wind sensitive
load variables.

Table 4.5 Observed and theoretical probabilities (percent) for WINGRA14 for LMM
with 997 wind load persistence increment applied to both wind pairs Baseline I-
Load from 114 winter 3.5-hour KSC wind profile pairs

PROBABILITIES Ohserved Theoretical
¥ Counts P P%

GO Ist 83 722 70.77
NO-GO Ist 31 27.8 2023
GO 2nd 78 678 7141
NO-GO 2ad 36 322 28.59

Joint
P1{GO,.GO,) 70 609 61.44
Pr{NO-GO.. GO,} 13 113 9.33
Pr{GO.. NO-GO,} 9 7.0 997
Pi{NO-GO, . NO-GO,} 22 209 19.26

Conditional
Pr{GO,.GO,} 70 £33 8682
Pr{NO-GO, GO,} I3 167 13.18
Pr{GO,,NO-GO,) 9 281 3411
Pr{NO-GO,.NO-GO,} 22 719 65.89




Table 4.6 Theoretical Probabilities (percent) for WINGRA14 for LMM with 99 %
wind load persistence increment applied to both wind pairs from 114 KSC 3.5-hour
winter wind profile pairs

PROBABILITY (percent)

EVENT BASELINE DIBS FIBS
GO Ist 70.77 88.50 92.17
NO-GO 1st 29.23 11.50 7.83
GO 2nd 71.41 89.87 94.10
NO-GO 2nd 28.59 10.13 59
Joint
Pr{GO,, GO} 61.44 8392 8986
Pr{NO-GO,, GO/} 9.33 4.58 231
Pr{GO,, NO-GQO} 997 5.95 424
Pr{NO-GO,, NO-GO,;] 19.26 5.54 3.59
Conditional
Pr{GO,|GO,} 86.82 9482 9749

Pr{NO-G0,|GO, }* 13.18 518 251
Pr{GO, [NO-GO, } 3411 5179 5419
Pr{NO-GO,INO-GO,} 6589 4821 4581

{a) This is the most undesirable case.

Table 4.7 summarizes the Go (No-Go), joint and conditional probabilities for any one of
the 41 load variables not exceeding (exceeding) the load allowable using the 99 percent
wind load persistence increment applied to the wind pairs. These statistics have important
applications in developing DOL scenarios for a launch decision (Go or No-Go) made at T -
3.5 hours. The most undesirable situation is the conditional probability Pr{No-Goj]Go1}.

For this case the Baseline I-Load gives 35.6 percent, DIBS is 26.0 percent and FIBS is 22.7
percent.

Table 4.7 The number of observed Go and No-Go LMM wind counts and percent

probabilities with the 99 % wind load persistence increment applied to both 1st and

2nd wind pairs for 41 load variables from 114 winter 3.5-hour wind pairs KSC
BASELINE  DIBS  FIBS

EVENT Counts P% Counts P% Counts P%
GO Ist 44 383 72 626 74 643
NO-GO Ist 70 617 42 374 40 357
GO 2nd 41 357 67 583 71 617
NO-GO 2nd 73 643 47 417 43 383
Joint
Pr{GO,, GO} 29 252 54 470 58 504
Pr{NO-GO,, GOy} 15 130 18 157 16 139
Pr{GO,;, NO-GO,} 12 104 13 113 13 113
Pr{NO-GO,, NO-GO;}] 358 513 29 26.1 27 243
Conditional
Pr{GO,{GO,} 9 644 54 740 58 713
Pr{NG-GO,| GG, P 15 356 18 260 15 227
Pr{GO,INO-GO} 12 169 13 302 13 317

Pr{NO-GO,|NO-GO,;} 58 831 29 698 27 683

{2} This is the most undesirable situation.
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In gencral, the STS DOL procedure is to perform ascent rigid body loads simulations using
measured Jimsphere wind profiles taken at L-6.75, L-4.25, L-3.0, L-2.0 hours and at L-70
minutes. In case there is an unscheduled hold at T-20 minutes, the above procedure is
repeated at hourly intervals until the vehicle is launched. For the STS operations decision,
the 3.5-hour wind load persistence increment is applied at each of the L-times including L -
70 minutes. At L-3.0 hours, the 3.5-hour wind load persistence increment gives loads
protection for an on-time launch at T = 0. (There are scheduled holds.) At L - 70 minutes,
the 3.5-hour wind persistence increment gives loads protection up to the close of the launch
window which is , typically, T = 0 plus 2 to 3 hours. These DOL procedures are based on
practical operational time-line considerations. It requires about 1 hour from the Jimsphere
release to measure the wind profile: Then about 2 1/2 hours is required to perform the
rigid body loads simulations, engincering evaluations, validations and management
conferences to reach a Go or No-Go launch decision. If the DOL operational time-line is
reduced, then the wind loads persistence increment can also be reduced. In principle, if
the DOL operational time-line can be reduced to some minutes prior T = 0 (near real time),
then the rigid body wind load persistence increment is near zero. Hence, there would be no
requirement to make allowances for the wind loads persistence increment. Therefore, the
launch probabilitics would be from our analysis presented in Table 4.4 without persistence.

Consider that the 3.5-hour wind load persistence increment is applied at T - 3.5 hours and
that, in principle, this increment decreases to zero at T = 0. Under this assumption: what
is the launch probability? To address this question, we perform the statistical analysis by
applying the wind loads persistence increment only to the first of the pairs. These
probabilities are computed for each of the 41 Joad variables for the three I-Loads as shown
in Table 4.8 for WINGRA14. For example from Tablec 4.8 the Go probabilities for
WINGRA 14 with the 3.5-hour wind load persistence increment applied to the first of the
pairs (Go Ist) are the same as in Table 4.6; but the Go probabilities for the second of the
pairs without the wind load persistence (Table 4.8, Go 2" ) arc much greater than with the
wind load persistence increment (Table 4.6). Comparisons of the conditional Pr{Go)]

Goj}without or with wind load persistence increment from Table 4.8 and Table 4.6

respectively are: for Baseline from Table 4.8, this probability is 99.73 percent (compared
to 86.82 percent from Table 4.6); for DIBS it is 99.84 percent (94.82 percent) and for FIBS
99.90 percent (97.49 percent).




Table 4.8 Probabilities (percent) for WINGRA 14 for LMM with 99% wind load
persistence increment applied to 1st of wind pairs and without the persistence
increment for 2nd of wind pairs from 114 KSC 3.5-hour winter wind profile pairs

PROBABILITY (percent)
EVENT BASELINE DIBS  FIBS
GO Ist 70.77 8850 9217
NO-GO 1st 29.23 11.50 7.83
GO 2nd 96.04 9883  99.il
NO-GO 2nd 3.96 117 0.89
Joint
Pr{GO,, GO,} 70.58 3836 95208
Pr{NO-GO,, GO} 0.19 0.15 0.09
Pr{GO,, NO-GO,} 25.47 10.47 7.03
Pr{NO-GG,, NO-GO,} 377 1L.02 0.80
Conditional
Pr{GO,| GO, } 99.73 9984 9990
Pr{NO-GO, ]GO} 0.27 0.16 0.10
Pr{GO,|NO-GO,} 87.12 9109  89.83
Pr{NO-GO, |[NO-GO,} 12.88 851 10.17

{a) This is the most undesirable case.

Tables 4.9 and 4.10 contain the empirical probabilities for LMM with the wind load
persistence increment applied to the first of the pair and without the persistence increment
for the second of the pair. If any one of the 41 load variables has a load exceedance for a
wind profile, then this is counted as a No-Go wind profile. We compare the Go»
probabilities from Table 4.9 with those given in Table 4.7 for Go;: For Baseline(Table
4.9), this probability is 88.7 percent (from Table 4.7 it is 38.3 percent);similarly, for DIBS
it is 97.4 percent (62.6 percent); for FIBS it is 97.4 percent (64.3 percent). Table 4.10
presents the Go No-Go conditional probabilities computed from Table 4.9 and the 95
percent statistical confidence level (CL).

The lower and upper 95 percent CL is computed by:

1
2 _ 2],
cL= = g}-i—i—it{?&—p—}-l—(—{—)} (4.44)
n+t? 2n n

where t = 1.96 , p = number of counts/(n+ 1) and (1 - p) =q.
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Table 4.9 The number observed Go and No-Go LMM wind counts and percent
probability with 99% wind load persistence increment for 1st of wind pairs and
without wind load persistence increment for the Znd of wind pairs for 41 load
variables from 114 winter 3.5-hour wind pairs, KSC

EVENT BASELINE DIBS FIBS
Countt P% {Countz FP% Count F%
GO st 4% 3831 72 626 74 #4313
NO-GO st 70 617 42 374 40 357
GO 2nd 101 887 112 974 12 91.4°
KO-GO 20d 12113 2 25 2 26
Joint
Pr{G0,. GO} 41 381 72 636 T4 634
PrIND-GO,. GO} o 0D o 00 ¢ 0o
P{GOL NG-GO 38 304 40 347 38 330
P({NO-GO, ROGOY 12 133 12 2% 2 26

{2) Suggesred Launch probabilinies

Table 4.10 Probabilities (percent) and 95% confidence level of LMM for 41 load
variables with 999 wind load persistence increment for 1st of pairs and without wind
load persistence increment for 2nd of pairs, 114 winter 3.5-hour pairs, KSC

COUNTS LOWER PROB. UPPER

EVENT s a  953ICL % 95%CL
GO it FESNFT 8831 p 978 996
ROGO It o0 & 04 g 22 117
GO nd LE S 727 p 817 89D
NO.GO 2ad 127 110 g 183 289
Joint
Pr{GO,. GO} 7 n 926 p 986 998
PrNO-GOL GO, s 82 g 14 714
Pr{GO,. NO-GOy} 0 42 812 p 935 976
P{NO-GO,. NO-GO, ) 2 4 24 q 70 188
Conditional
PriGO 1 GO} F I 928 p 937 998
P(NO-GO, GO} o 82 ¢ 13 72
Pr{GO, I NOGO 3 4 84 p 927 975
PrING-GOLINGGOY) 2 an 25 g 13 196

{33 This iz the mon undesioable cate
A comparison is given below of the conditional probabilities for Pr{No-Goj|Goy} from

Table 4.10 Baseline with Table 4.7. For Bascline Table 4.10, this probability is 2.2 percent
(Table 4.7, 35.6 percent); DIBS Table 4.10 is 1.4 percent (Table 4.7, 26.0 percent); and
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Table 4.10 is 1.3 percent (Table 4.7, 22.7 percent). At this confidence level, there are no
significant differences (Table 4.10) between DIBS and FIBS.

For this loads data set, Tables 4.9 and 4.10 are considered to be more realistic in quoting
launch probabilities for mission planning than those contained in Table 4.7.

4.6.4 Peak Loads Analysis

A brief analysis has been performed using the PL data base from the 114 winter KSC 3.5-
hour wind pairs. Table 4.11 presents the bivariate Gumbel parameters for this data sample.

For the load variables shown in Table 4.11, the m-parameters are not greatly different from
those given in Table 4.2 for the LMM. Hence, the correlations between those load
variables for the first and second of the wind pairs for PL are about the same as for the
LMM. Also, shown in Table 4.11 is the 99th percentile load change (AL 9g) computed
from the logistic probability function. The AL gg for the PL (Table 4.11) are not greatly

different from those for LMM given in Table 4.3.

Table 4.11 Bivariate Gumbel parameters for Peak Load for 1st of wind pairs (y) and
2nd of wind pairs (x) and the 99th percentile load change (AL g9) from 3.5-hour wind

pairs

I-LOAD By Hx Oy O m ALy
(a) BASELINE

WINGRA 14(-) 18529 18443 1755 1751 2017 3997

WINGLA 14(-) 18129 18100 1709 1804 2019 3885

VTIL 1i(+) 015 Oi6e 010 010 2189 021
VTIL 119 020 020 008 008 2322 016
(b) DIBS

WING RA 14(-) 18465 18376 1310 1265 1.649 3750
WINGLA 14(-) 18393 18415 1285 1354 1.586 3723

VTL 1I{(#} 0.17 019 006 006 1285 021
VTL Li() 0.19 019 005 006 1463 0.17
{c} FIBS

WING RA 14(-) 17821 17806 1461 1320 1745 3849
WING LA 14(-) 18206 18370 1396 1389 1714 3742
VIL 1i{+) 018 020 007 006 1432 021
VTIL L) 0.16 017 005 006 1307 018

Figs. 4.7 and 4.8 illustrate the Gumbel probability distribution from the PL for the WING
RA14(-) load variable for the first of the wind pairs for Baseline and DIBS. Because this
load variable has a negative sign convention, the algebraic sign has been reversed for
mathematical convenience. The sample data (dots) in Figures 4.7 and 4.8 show an
excellent fit to the Gumbel distribution. Figures 4.9 and 4.10 illustrate good agreement
between the observed peak wind load 3.5-hour change and the theoretical peak wind load

67



change from the logistic probability function. The other load variables are also in good
agreement. This justifics using the bivariate extreme value probability function, Gumbel
case m, for peak load change. Analytically, the peak load margin with respect to the
redline limit load (PLM) and the load minimum margin (LMM) are identical. Hence the
PLM, so defined, could be used in the same statistical manner as the LMM.
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Figure 4.7 Gumbel extreme value probability distribution for Peak Loads for WING
RA14 from 1st of 114 winter 3.5-hour wind pairs, KSC, using Baseline I-Load
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Figure 48 Gumbel extreme value probability distribution for peak loads for
WINGRA14 from Ist of 114 winter 3.5-hour-wind pairs, KSC, using DIBS I-Load
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Figure 4.10 Observed and Theoretical (Logistic) Peak Load Differences Between 1°
and 2™ of 114 Winter KSC 3.5-hour Wind Pairs for WINGRA14 DIBS I-Load
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4.7 Conclusions

For the Space Transportation System (STS), the advantages in reducing the ascent wind
loads by biasing to the Day-Of-Launch (DOL) measured wind profile using either the DIBS
or FIBS stecring commands techniques have been clearly demonstrated. The analytical
statistical techniques presented in this section, using extreme value statistics, have many
advantages over empirical statistical techniques for acrospace programmatic management
decisions for design, trade studies, design assessments, and redesign and in the DOL
Go/No-Go decision process. Because the analytical statistical techniques are general, they
can be used for the above multifaceted purposes for future acrospace vehicles.
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5.0 WIND LOADS UNCERTAINTY ATTRIBUTABLE TO WIND PROFILE
SMOOTHING AND TEMPORAL VARIABILITY

5.1 Introduction

The small wavelengths (WL < 1500 meters) in Jimsphere wind profiles at T-3.5 hours
used in Space Shuttle pre-launch six degree-of-freedom trajectory and rigid body loads
simulations have little or no relationship to the small scale wind perturbations experienced
by the vehicle 3.5 hours later. This is demonstrated by comparison of the largest
perturbations (+ and -) in the 10 to 12 kin layer of the 1" and 2™ of the high pass filtered
(WL £ 1500 m) Jimsphere winter 3.5-hour pairs (Figs. 5.1 and 5.2). In addition, as the
wavelength decreases the perturbations in a Jimsphere wind profile become less correlated
with the wind perturbations along the Space Shuttle ascent trajectory, even if that trajectory
is centered at the mid-point of the I-hr time interval associated with a Jimsphere
measurement. Thus, there is uncertainty in these small wavelengths that can influence the
assessment of wind loads for the commit-to-launch decision that is based on the T-3.5
hour Jimsphere wind profile. In addition there is also uncertainty in the post-flight
evaluation of trajectory and loads based on the T-O profile. Heretofore, only the loads
uncertainty attributable to  wind profile temporal variability is accounted for in
assessments of vehicle launch capability (Refs.5.1 through 5.3). This uncertainty is
accounted for with a load increment known as the wind load persistence increment
(WLPI), which is calculated for each wind sensitive load indicator from a conditional
extreme value (Gumbel) probability distribution. The statistical methodology used for
protecting the commit-to-launch decision for wind loads temporal variability is also
applicable for derivation of a larger load increment that protects for the combined
uncertainties attributable to wind profile temporal variability and transient small
wavelength wind profile perturbations that are essentially unknown along the vehicle flight
path on DOL. The additional protection ensures that the integrity of the commit-to-launch
decision is not compromised by using a smoothed (low-pass filtered wind profile) for
trajectory and loads assessments. This profile could be derived from a Jimsphere profile
(Ref. 5.4) or it could be from a relatively low resolution measurement system such as the
Meteorological Sounding System (MSS) or the NASA 50-MHz Doppler Radar Wind
Profiler (DRWP, Ref. 5.5). Because of the small time interval required to obtain a DRWP
wind profile (5-minute intervals in support of NASA Space Shuttle launch operations)
compared to one hour for a Jimsphere, the advantage of the DRWP is the potential for a 45
minute reduction of the time interval from the last loads simulation to the time of launch.
From this study a detailed wind profile measurement would not be needed for pre- and
post-flight assessments of vehicle trajectory and loads, if load increments that account for
uncertainty in small wavelength perturbations are implemented.
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5.2 Statistical Methodology

The decision to launch is based on an assessment of the load minimum margin (LMM) for
each load indicator. For absolute values of load indicators the LMM is the minimum over
the Mach range of 0.6 to 2.2 of the red line load (RL) minus the sum of the simulated load
and the total uncertainty; a negative LMM is a No-Go. The RL is the load limit reduced by
a 1.4 safety factor. The total uncertainty of the simulated load is the ‘root-summed-
squares’ (RSS) of the systems uncertainties and the elastic body response to gust. A
schematic for the definition of LMM is illustrated in Fig. 5.3 .

The statistical methodology described by Smith and Adelfang (Ref. 5.2) for calculation of
the WLPI for load minimum margin (LMM) is also used herein with one important
difference. For the original application, the derived WLPI, which represents loads
uncertainty caused solely by the temporal variability of the wind, is based on loads
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2 LMM = Load Minimum Margin
E = minimum of (Redline - (SL+UC))
g where,
a Redline = load limit / 1.4
g SL = simulated load
ye UC = load uncertainty attributed to
/ \/ systems dispersions and
elastic body loads
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Figure 5.3 Schematic for Load Minimum Margin (LMM) and Associated Variables

simulations for 114 KSC winter unfiltered 3.5 hour Jimsphere wind pairs. For the new
application the additional uncertainty caused by low-pass filtering the first of the wind
pairs is included in a revised wind load persistence increment (RWLPI). The RWLPI is
calculated for 39 wind sensitive load indicators for each of three low-pass filtered versions
of the first of the wind pairs (nominal filter cutoff wavelengths of 1500, 3000, and 6000m)
in conjunction with the unfiltered second of the pairs.

The effectiveness of each RWLPI is evaluated by comparison of the number of No-Go
profiles and No-Go indicators for WLPI and RWLPL If this comparison is favorable it
would be concluded that the additional protection afforded by the RWLPI produces no
significant change in the evaluation of loads No-Go's or No-Go profiles, even though the
simulation for the 1st of the pair is based on a filtered wind profile.



Another measure of the effectiveness of the RWLPI is the comparison of the empirical
number of occurrences for the joint Go/No-Go combinations for the WLPI and the RWLPI
applied to the unfiltered and filtered 1st of pairs respectively, with no increment applied to
the 2nd of the pairs. The joint number of occurrences are for the following combinations:

Gol, No-Go2
Gol, Go2
No-Gol, No-Go2
No-Gol, Go2

il

The first combination is the most important because it represents a measure of the success
in protecting the decision to launch; an occurrence of this combination means that the
decision to launch would be invalidated by a post-launch loads analysis. Ideally there
should be no occurrences of the first combination. However, one or two occurrences of the
first combination could occur in this sample of 114 pairs because the WLPI and RWLPI
arc for a 99 percent conditional probability. The sccond combination represents the
remainder of the Go for the Ist of the pair cases which have a high probability of also
being Go for the 2nd of the pair because there is no protection increment applied to the 2nd
of the pair; this is also an explanation for the large number of occurrences of the fourth
combination compared to the third, which implics that a No-Go for the st of the pair has a
high probability of becoming a Go for the 2nd of the pair.

5.3 Analysis
5.3.1 Wind Load Increments (WLPI and RWLPI)

The WLPI and RWLPI for a 99 percent conditional probability are calculated from LMM
derived from loads simulations with 114 filiered and unfiltered KSC 3.5-hour winter
Jimsphere wind pairs. The WLPI is calculated from the unfiltercd Ist and 2nd of the wind
pair; the three versions of the RWLPI arc calculated from  the three versions of the low-
pass filtered st of pairs and the unfiltered 2nd of the pairs. The WLPI and the RWLPI for
39 load indicators are listed in Table 5.1. In nearly all cases the difference between RWLPI
and WLPI is the additional increment required to protect for filtering the 1st of the wind
pairs; the additional increment increases as the amount of low-pass filtering increases. The
percentage ratios, RWLPI/WLPI, listed in Table 5.2 indicate that the largest increase in
RWLPI relative to WLPI occurs between LP1500 and LP3000.
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Table 5.1 99" Percentile Wind Load Persistence Increments WLPI and RWLPI

TOFPAIR UNFILTERED LPI308 LP300G LPEG
2° OFPAR UNFILTERED UNFILTERED UNFILTERED UNFILTERED
LOAD
SEQ. ¥ INDICATOR SiDE WLPE RWLHM RWLPE RWLPE
I WINGRAIY © 330535 406723 541131 5884.62
2 WINGRAM 3 420479 486372 -S068 56 531543
3 WINGRAlLS ) 4585 8829 13258 17581
4 WINCRALIS {+} 7382 10237 5891 e
§ WINGRAIT ) a1 6164 8809 12629
& WINGRAIT = 066 FiT] 13038 1817
7 WINGRAIS % 123550 162500 261248 307359
8 WINGRAIR i} -1641.15 ~186348 -2534.1% 2B1344
G WINGRAID i+} 3354 5329 ¥1.77 457
i WINGRAIY =} 572 5418 9253 145
1 WINGRALS (8] 235624 -290233 S3TNSE 40
12 WINGRAIS 3 263578 -304527 403429 442531
13 WINGRLI i+ BM 4439 i desd 2859
4 WINGRAZI ie} 4221 41 5% F9.55 08487
13 WINGR-AR (51 4223 508 -105.71 126890
15 WINGL-AR &3 11844 ~126.11 -{38.15 ~16348
7 WINGRAZD 3 3005 4114 -R199 A357
i WINGLAZO i3 S0 -57.7% ~10L13 -106.70
¥ WINGRA2 i3 -70.78 630 -123.67 12878
0 WINGLARZ i} -77.83 2243 -12335 ~14225
2! RWINGMX i} 313515000 KTEIL00 £249931.00 FO6S2 00
22 LWINGMX (51 ~4169323.00 ATHEES00 -5£387483.00 SO0
3 WLET {3} 404 a03 0.06 o807
¥ VIRZ &} 820 622 a31 2]
25 YIRZ (53 421 425 £34 b40
6 YIL-Z {3 414 811 424 o231
27 VILZ (] 42t 025 358 Eihil
28 YIR-i1 i+} o1 &13 930 423
¥ VTR &} £20 523 433 41
3 VIL-H {3 830 a3 033 041
31 YTLI £ 411 <13 40 0
32 YIR-3 4} o 83t a3t 238
33 YTL13 ) .13 015 a2 828
34 VIR -} 030 £22 435 45
35 VIL-K ¥ 413 .15 423 ikt
36 VIR-1S {+} 817 022 030 a35
37 YILAS {+} 817 422 836 835
3B VIR-I8 {4} 008 813 ax 223
3 VWIL-18 {+} .06 836 {123 035
.
Table 5.2 Ratio of RWLPI to WLPI
¥ of wind pair LP filter for RWLPE
SEQ. ¥INDICATOR 1300 306

I WINGRAS i} 123 58 178

2 WINGRAM &} 1.i6 44 130

3 WINGRAIS {+} 149 23 3185

4 WINGRAS {+} 115 LEE 213

3 WINGRALTY {+} 1335 L 2.3

& WINGRAL? {4} L.16 183 pedbe2 §

7 WINGRAIR {3 131 pAL 244

3 WINGRAHI {3 1.4 154 L7

% WINGRAIY {+} 137 251 2594

1 WINGRAI {+} Lis 1.66 188

31 WINGRAIS i} L L& 1306

12 WINGRAISE ¥ Li5 152 &7

13 WINGRL2I (2] 138 358 317

4 WINGRAZ {+3 098 1.8% 257

i3 WINGR-AZ {3 128 215 257

i WINGL-AR {3 108 134 138

17 WINGRA2O i3 L4 73 31t

18 WINGLAZD {} LH 166 L5

1% WINGRAZZ i3 136 134 152

20 WINGLAZZ 15 e 1358 1.83

2f RWINGMX {+} L i3 224

22 LWIHGMX {3 L 158 147

33 WLET i+} L6 142 17

¥ YIRZ {+} 1Lo8 157 200

3 VIRZ 3 L3 L8 137

% YTL-Z +} Lis 1689 218

27 O¥TLZ &3 122 189 247

2% VIR {r} [ L 177 b2

¥ O¥TR-1 &3 L5 1% 57

3G YTL-1 (23] Li5 174 208

31 YTL-U1 i 130 LY 3l

2 YIR-13 4} i3 1.57 & ]

33 VIL-13 23] 7 .78 13

M VIR-I4 ) 113 178 23

33 OVTL- {3 115 130 246

36 YIR-1S o+ 135 LE o7

37 VYTL-Is {+} £33 LEn 207

3R VIR-IS {+} 133 64 254

39 VIL.I6 {3} 197 it} 291
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5.3.2 Load Indicator WINGRA14(-) No-Go's

Load indicator WINGRA14(-) is selected for analysis because it is the most wind sensitive
of the 39 indicators. As illustrated in Figure 5.4 the unfiltered Ist of the 114 wind pairs
(ordinate) produces 3 No-Go's without WLPI (LMM < 0) and 18 with WLPI (LMM <
WLPI). The number of No-Go's for WINGRA 14 with either WLPI or RWLPI (LMM <
RWLPI) applied to LMM derived from unfiltered or filtered Ist of the wind pairs are
summarized in Table 5.3 . When WLPI is applicd to LMM derived from filtered Ist of the
pairs, the number of No-Go's decreases to 17, 7, and 2 for low-pass filters 1500, 3000 and
6000, respectively (Fig.5.4, abscissa, or Table 5.3); this is an obvious incorrect application
of WLPI because the failure to account for the uncertainty caused by filtering the 1st of the
wind pairs produces an unrealistically small number of No-Go's. When RWLPI is applied
to LMM from filtered Ist of the pairs, there is consistency for the first two filters in the
number of No-Go's relative to the 18 obtained from the proper application of WLPI to
LMM (from unfiltered st of wind pair) ; the number of No-Go's is 21, 21, and 26 for low-
pass filters 1500, 3000, and 6000, respectively.

This example shows that the RWLPI provides the additional load increment for
WINGRA 14 to protect for the additional loads uncertainty caused by smoothing the Ist of
the wind pairs. Similar results can be demonstrated for all the wind sensitive load

indicators.
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Figure 5.4 Load minimum Margin (LMNM) for wing load indicator WINGRA14(-)
for 1" of wind pairs low-pass filtered (LP1500, 3000 and 6000) and 17 of wind pairs
unfiltered: derived load increments WLPI and RWLPI are indicated by straight lines
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Table 5.3 Number of No-Go profiles for load indicator WINGRA14(-), 1" of 114 wind
profile pairs, WLPI applied to LMM for unfiltered case and WLPI and RWLPI
applied to LMM for the filtered cases

1™ of pair filter none 1500 3000 6000
type of increment WLPI WLPI WLPI WLPI
No-Go Profiles I8 17 7 2
type of increment (FFExx RWLPL *¥xkk)
No-Go Profiles 21 21 26

5.3.3 No-Go Statistics, 1st of Pair

The statistics of load indicator No-Go's for the 1st of the 114 wind pairs, unfiltered and
filtered, and without or with wind load increments are listed in Table 5.4 .

Table 5.4 The number and percent of 114 profiles that are No-Go and the number of
No-Go load indicators for the 1" of the pair, without and with wind load increments
WLPI and RWLPI

A) without wind load persistence increments

1" of pair filter none 1500 3000 6000
No-Go Profiles 8 2 0 0
% No-Go Profiles 7.0 1.8 0.0 0.0
No-Go Load Indicators 9 5 0 0

B) with wind load persistence increments

type of increment WLPL  (¥*%* RWLPI #**5%)
1* of pair filter none 1500 3000 6000
No-Go Profiles 38 40 42 50
% No-Go Profiles 333 351 368 43.9
No-Go Load Indicators 21 i8 18 i9

A No-Go is counted if any one of the 39 load indicators is a No-Go. Without load
increments the filtering reduces the number of No-Go profiles and No-Go indicators,
which illustrates loads uncertainty caused only by wind profile filtering. If this uncertainty
is not accounted for, most or all No-Go's become Go's, which essentially invalidates the
loads assessments for the filtered 1st of the pairs. With load increments, the number of No-
Go indicators is nearly constant for the RWLPI (18,18, and 19) compared to 21 for the
WLPI; the number of No-Go profiles is also nearly constant for the first two versions of
RWLPI (40 and 42 for filters 1500 and 3000 respectively) compared to 38 for the WLPL
The RWLPI for the 6000m filter yields 50 No-Go profiles, which is unrealistic compared
to the 38 for the WLPL
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These statistics validate the RWLPI for the 1500- and 3000-m filters because the number
of No-Go profiles and indicators are ncarly the same as those obtained with WLPI derived
from unfiltered wind profiles. Hence. a wind profile measurcment system that has a
resolution equivalent to a 1500- or 3000-m low-pass filtered Jimsphere wind profile could
adequately support the pre-launch loads assessment process, if the appropriate RWLPI
increment is implemented.

5.3.4 Joint Go/No-Go Statistics, 1st and 2nd of Wind Pairs

The joint number of occurrences of Go/No-Go combinations from a sample of 114 pairs,
with filtering applicd to the 1st of the wind pairs and load increments applied to the Ist of
the pairs load indicators, are listed in Table 5.5. The first combination (Go Ist / No-Go
2nd) is the most important because it is a measure of the protection achicved with WLPI or
RWLPI for the worst case when an increase of loads could change a Go for the Ist of the
pair to a No-Go for the 2nd of the pair. As shown in Table 5.5, the number of occurrences
of this combination for WLPI or RWLPI is within 1 count of the ideal valuc of none. The
additional load increment included in the RWLPI ensures that a Go decision would not be
compromised by using a low-pass filtered 1st of the wind pairs for the pre-launch loads
simulation. The number of occurrences for the 2nd combination (Go 1st/Go 2nd) is also
nearly equivalent to the ideal number, which is the number of Go's for the Ist of the pair.

For the third combination (No-Go Ist/No-Go 2nd) listed in Table 5.5, it is indicated that
the number of occurrences (7 to 8) is necarly equivalent to the number of unfiltered wind
profiles (8, in Table 5.4) that are No-Go without a wind load increment; obviously these
eight profiles remain No-Go when the load increment is applied to the Ist of the pair and
they remain No-Go for nearly all of the sccond of the same pair without the load
increment. The remainder of the Ist of the pairs No-Go's are included in the fourth
combination (No-Go 1st/Go 2nd) listed in Table 5.5. These No-Go's are caused by the load
increment which must always be added to the LMM to protect for the worst case; since the
actual load change is theoretically less than this load increment in 99 percent of the cases,
many of these No-Go's become Go's when no increment is used for the 2nd of the pairs.

Table 5.5 Number of occurrences of Go/No-Go combinations from a sample of 114
simulation pairs with wind load increments and filtering applied to the 1" of the pair
™ of pair filter none 1500 3000 6DOO
1ype of increment WILPL  (***** RWLPI****%)
combination

Mofpr. 2%ofpr. number of occurrences

Go Ko-Go i 0 i 0
Go Go 5 74 71 64
No-Go No-Go 7 g 7 g
No-Go Go 3 32 33 42

Note: A No-Go is counted if any onc of the 39 load indicators is a No-Go
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5.4 Conclusions

It has been demonstrated that wind profiles that do not contain the small scale
perturbations (wavelength < 1500m) measured by the Jimsphere could be adequate for the
Shuttle pre-launch wind profile and rigid body ascent loads assessments for the commit to
launch decision. The analysis to support this conclusion, however, required high resolution
Jimsphere pairs to derive the appropriate load allowances for the combined effects of
temporal and reduced wind profile resolution. The combined effects are included in a 99
percentile wind load increment derived from filtered (smoothed) 1st of the 3.5-hr
Jimsphere wind pairs and unfiltered 2nd of the pairs. ‘

When the appropriate wind load increment is used, the joint number of occurrences of
wind profile Go-NoGo's for the low-pass 1500m filtered 1st of the Jimsphere pairs and
unfiltered 2nd of the Jimsphere pairs are in agreement with the Go/No-Go's for the
unfiltered winds for both of the pairs.

The methodology for derivation of loads allowances described in this section would be
applicable to all launch vehicle operational scenarios that require assessments of vehicle
launch capability based on wind profile measurements on the day of launch.
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6.0 GUST MODELS FOR LAUNCH VEHICLE ASCENT

6.1 Introduction

Assessments of elastic body and buffeting response to in-flight atmospheric disturbances or
gusts are important in the establishment of vehicle design structural requirements and
operational capability. Launch vehicles can have significant response to gusts that are not
measurable with typical launch site winds aloft measurements such as the Jimsphere wind
profile measurement system or the 50-Mhz Doppler Radar Wind Profiler (DRWP) used at
Kennedy Space Center (KSC) in support of the Shuttle and DOD launch programs. It is not
practical to perform elastic body loads analyses on the day-of-launch (DOL) because gusts
are transient with time duration measured in scconds. (However, rigid body loads
simulations are performed on DOL using measured Jimsphere wind profiles.) Thus, the
commit-to-launch decision must be protectad for gust uncertainty contributions to elastic
body loads uncertaintics. Discrete gust models used for establishment of trajectory and
loads increments that account for launch vchicle elastic body and buffet response
uncertainty on the day of launch are described. The origin and shortcomings of the
classical NASA 9 m/s discrete gust model is discussed. A new discrete gust model that
includes variation of gust magnitude as a function of altitude and gust length is presented
for use in the establishment of vehicle elastic body and buffet response uncertainty on
DOL.

6.2 Discrete Gust Model

This model is an improved definition that includes the variation of the gust amplitude as a
function of gust width. It is for use in establishing the maximum structural response to the
discrete gust when the vehicle elastic body mode wavelengths are synchronized with the
gust wavelength. This development was first reported in a White Paper to the Space Shuttle
Program (Ref. 6.1) for application in a study to re-establish the Space Shuttle orbiter
Columbia vertical tail assembly elastic body load response to gust. The development is
presented here to ensurc wider distribution for future applications within the Space Shuttle
program and for future launch vehicles. A literature review is presented that establishes
the origin of the classical NASA discrete gust model heretofore used for elastic body loads
analysis. This improved model, established with methods originally developed for military
specification (MILSPEC) of requirements for the flying qualitics of piloted aircraft (Ref.
6.2), includes the variation of gust amplitude with gust width, a factor which was not
included in the classical NASA model. This methodology is also described in the NASA
Terrestrial Guideline Document (Ref. 6.3). The empirical and theoretical equations for the
non-dimensional gust magnitude as a function of non-dimensional gust width derived in
this paper represent an improvement over the MILSPEC functions heretofore only
available in graphical form. The thcoretical equations arc the first documented derivation
of the MILSPEC functions. The practical implementation of these equations is for
derivation of the dimensional gust magnitude, which requires specification of the length
scale and standard deviation of turbulence. This study uses the most recent compilation
(Ref. 6.3) of these parameters (originally derived for a Space Shuttle turbulence model,
Ref. 6.8), which are a function of altitude and severity of turbulence.
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With knowledge that the tail load anomaly occurs during transition to supersonic velocity
in the vicinity of 20,000 ft (6 km) the gust magnitudes derived in this study may in certain
circumstances provide some load alleviation compared to the 9 m/s NASA Space Shuttle
Design Criteria standard (Ref. 6.9). The tail sensitivity to gust width is the critical factor
that will determine the degree of load alleviation that may be achieved. If the sensitivity
tends to be at small gust widths, then load alleviation is ensured.

6.3 Origin of the Classical NASA 9 m/s Gust

The original quasi-square-wave gust having an amplitude of 9 m/s with a gust width from
50 to 300 m had a gust gradient of 0.36 sec” for the first 25 m (or 9 m/s per 25 m) and a
0.36 sec” decrease for the last 25 m for a variable gust width of 50 to 300 m. This gust
model first appeared (Ref. 6.10) in 1963 and has been modified over the years (Ref. 6.3)
with a cosine leading and trailing edge of 30-m interval as shown in Fig. 6.1. It is not clear
what probability of occurrence should be attached to this gust model. The design gust
model amplitude (Fig. 6.1) is reduced to 7.65 m/s (0.85 of its value) when used in
conjunction with the synthetic wind and wind shear model for the Shuttle ascent design
(Ref. 6.9).
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Figure 6. 1 Relationship between gust shape, design wind profile envelope, and speed
buildup (shear) envelope

Early discrete wind gust models for missile design (Refs. 6.4, 6.5 and 6.6) are based on
accelerometer measurements of turbulence by aircraft in horizontal flight. Aircraft
measured turbulence is classified as light, moderate, and severe. The methodology used to
convert aircraft turbulence taken over time of flight and horizontal distance to discrete gust
for a vertical rising vehicle is not clearly addressed. Common sources for aircraft
accelerometer measurement data in or near thunderstorms are the measurement series
during 1941 and 1942 in the vicinity of Langley Field, VA and from the thunderstorm
project near Orlando, FL in the summers of 1946 and 1947 (Refs. 6.4, 6.5).
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The frequency distribution for derived gust magnitude from aircraft measurements
traversing thunderstorms (Ref. 6.4) is reproduced here in Table 6.1( Table IIT of referenced
document). The cumulative percentage frequency (CPF) for the 1947 thunderstorm gusts at
16.000-ft altitude derived from Table 6.1 is shown in Table 6.2. The percentile values for
thunderstorm gust (Ref. 6.7) for altitudes from 1 to 14,000 ft reproduced herein as Table
6.3 were also derived from the data contained in Table 6.1.

Table 6.1 Frequency Distributions of Derived Gust

/ 1941-42 investigation / 1946 investigation  / 1947 investigation  /

Frequency of gusts at altitude (Kft) of -
U. S 10 15 20 25 30 6 i1 16 21 26 5 10 15 20 25

/s 1] fo ] 1o o o

i0 i5 20 25 a0 34
51010 1855 435 RAD 570 &40 410 3560 6000 SIR0 3920 2570 1430 3700 4000 2810 1370
Wwils £33 281 376 339 239 171 1385 27I0 2020 1590 940 510 1495 1730 1133 620
151020 66 114 180 11t i1l 67 500 E70 830 615 342 210 595 720 45 0
201025 47 50 g4 46 45 i 187 313 338 245 16 79 248 321 180 113
251w 30 4 22 37 19 20 10 T4 117 132 96 45 31 95 13 m2 51

301035 4 9 I8 9 8 3 27 44 5% 39 17 12 4 ST ¥ 20
351040 2 4 % 3 4 3 I 6 2 15 6 S 16 25 12 10
401045 ... 3 4 32 .- 4 6 8 6 4 3 7 U 5 3
4510 50 B BT T T 2 3 4 4 e ... 2 &4 2 3
501085 eer eme b een e e eas i - I

Totals 2630 1130 IS0 IDID 1110 600 5730 9400 BADO 6550 4050 2280 6200 F000 4700 2450
Fiight Miles 247 130 180 114 180 54 991 1565 1716 1422 1064 757 1340 1612 1308 939

Table 6.2 CPF for Wind Gust at 16,000-ft Alt. from 1946 Thunderstorm Project Near
Orlando, FL.

Gust Class Frequency CPF
Intervals, {counts) T
fusec
5-10 5180 60.22
10-15 2020 83.71
15-20 840 9348
20-25 338 97.41
25-30 132 98.94
30-35 54 99.57
35-40 22 99.83
40-45 8 99.92
45-50 4 99.965
50-55 2 99.988
I =%600
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Table 6. 3 Cumulative Probability Distribution of Gust Velocities from 1 km to 14
km for Thunderstorm Turbulence (Ref. 6.7)

Probability (pct <) 50 68 84.1 97.7 99.099.86

Gust Velocity m/s 240 3.10 4.60 7.80 9.10 12.50
ft/s 17.87 10.17 109 25.58 29.85 41.00

Missing from this analysis are two very important gust characteristics: They are the gust
width and shape. The US Air Force Titan and Delta vehicle programs use a “1- cosine”
gust shape with 9 m/s amplitude and 304-m gust width. The important difference
between the Air Force gust model and the NASA model is that the rise to 9 m/s takes place
over 152m rather than 30 m for the NASA model.

6.4 Discrete Gust Magnitude as a Function of Gust Half-Width

The basis for the derivation of gust magnitude as a function of gust half-width is given in a
military specification of requirements for the flying qualities of piloted aircraft (Ref. 6.2).
This specification is significant because it is based on the same aircraft turbulence data
used in studies (Refs. 6.4,6.5, and 6.7) that led to the establishment of the NASA classical
9 m/s gust. The gust model (V) has the “1-cosine” shape (Fig. 6. 2) defined by (Ref. 6.2):

V=0, d<0,d>2d

v
V-—-—?—(i—ces{xdidm)) , 0sd<2d

m

where, V,, is the gust magnitude and d, is the gust half-width and d is distance.

vV

m_

dn
i
distance, d

Figure 6.2 Discrete Gust Model (*1-cosine’)




The MILSPEC relationship (Refs. 6.2 and 6.3) between non-dimensional gust magnitude
V,,/c and non-dimensional gust half-width d, / Lheretofore only available in graphical
form is illustrated for the longitudinal and vertical gust component in Fig. 6.3; where, o is
the standard deviation of atmospheric turbulence and L is the scale length of atmospheric
turbulence. The most recent compilation (Ref. 6.3) of these parameters (originally derived
for a Space Shuttle turbulence model, Ref. 6.8 ) as a function of altitude and severity of
turbulence is presented in Table 6.4.

3 T ToTTTTTIT] T T T AT T T TTrrYYY

A LOHGTTUDIRAL
o e LATERAL AND VERTICAL

¢ s s saazsl 1 sz 3z 33sl i %t 1 r %3
2.0 o1 ‘.t 3 1

Figure 6.3 Non-dimensional Discrete Gust Magnitude V /o asa Function of Non-
dimensional Gust Half-Width, d_/L

Table 6.4 Mean Horizontal and Vertical Turbulence Standard Deviations o}, and 6.,

Length Scales L _and L_ and Probabilities of Turbulence Severity Levels (light,
moderate, and severe) as a Function of Altitude

/ Light Turbulence fafoderate Turbulence / Severe Turbulence / Turbulence
fength Scale

Al Prabability Prohability Prohability

MSL. o ow ofligh gy Oy ofboderate oy Oy of Severe Ly Lo
km mfs mfs Tubulente  pye mfs Turbulence mfs mis Turbulence  ym km
i gi7 014 077 165 1.36 0199 570 467 0025 0832 04624
2 017 014 08910 165 143 00979 580 475 o011l 0902 083
4 63 017 09199 204 1.6% 00738 624 513 G 0063 168 0972
6 02t 017 093 213 169 G o650 716 569 00056 168 100
g Rt 09237 215 169 00704 159 598 onom 101 098
Hy 03 017 09280 el i1 00677 172 &£00 00033 123 110
12 023 018 09464 247 179 00502 782 57 00033 180 1.5
14 0x. 019 O9nLns 262 191 00368 693 505 0017 28 212
16 023 0721 09638 243 210 00337 500 43 00024 340 260
18 022 02 09703 21 107 00277 407 181 §00I0 500 313
20 023 030 09304 2 1599 00180 185 33 00016 gE64 441
25 027 0121 09539 271 20 00136 433 iy 00015 120 656
30 037 024 09797 373 239 0 OI85 560 150 00018 286 888

For practical applications the rclationship illustrated in Fig. 6.3 was first defined
empirically in two segments for the range of d;, /L from .01 to 10 . The first segment

(001 € d,, /L < 5) isaleast squares fourth order polynomial,




Vm/0=cy +c1x+c2x2+C3x3+c4x4 6.1)

where, x=log;g(d, /L), L is in meters (103 Ly, (km) in Table 6. 4), Vand ¢ (o} in
Table 6.4) are in m/s, ¢, = 2.473886, c, = 0.9290348, ¢, = -0.54107229, c, = -0.18495605,

E

and c, = 0.0300112814 . For the second segment (5 < d,, /L < 10),V,, / 6=2.80247

For d, = 30 meters and altitudes >14 km, L can be sufficiently large such that d,, /L can

be less than 0.01 . For these cases a conservative approach is taken by assuming a constant
value of 0.40776 for V, /¢ (which is the value of V|, /o for d, /L= 0.01, obtained

from Eq. 6.1 for x=log(01)=-2). This is conservative because the relationship
illustrated in Fig. 3 indicates that V, / ¢ should continue to decrease for d;, /L < (0.01).

For d, /L > 10, a mathematical expression for V, /¢ is not needed for d A< 300
meters because the value of d, /L is smaller than 10 for L at all altitudes listed in Table
6.4 .. The largest value of d, /L is at 1 km (for d ;=300 m and L=L, =832 meters,
d,, /L=0.3606) .

Alternatively and preferably the MILSPEC relationship illustrated in Fig. 6. 3 is derived by
integration in closed form of the Dryden power spectrum density (PSD) model for a
variable lower bound for wave number Q . The equations for the Dryden PSD's for the

longitudinal and lateral components of atmospheric turbulence are:

QGEL

0(Q) = { .
T 1 1+(LQY)

} (longitudinal) (6.2)

o2 (1+3(m)2)
T (1+(LQ)?)2

where, 0<Q<e |, o is the variance and L is the turbulence length scale. Integration of
Egs. 6.2 or 6.3 from zero to infinity yields & Integration from a lower bound other than

o(Q) = (lateral) (6.3)

zero yields a fractional value of ¢ which is given by,

Tcp(ﬂ)dfz = Gz(l—itan_l(mi)) (longitudinal) (6.4)
Q.

H

LQ;
x(n(mi)z)

be(ﬁ)éﬁ =02 1- %tan“(mi)— (lateral) (6.5)

Q.

i




The square roots of the integrals given by Eqs. 6.4 and 6.5 represent the fractional values
of the total standard deviation contributed by the wavelength bands @ to infinity. The

derivation of the MIL-Standard non-dimensional discrete gust as a function of non-
dimensional gust half-width (half-wavelength) requires the following assumptions:

1. The magnitude of the discrete gust is 2.8 times the fractional standard deviation.

2. The non-dimensional gust half-wavelength d_/L is defined by

d /1= §
' 3’3,{};
thus, LQ; = —-———i—*
n(d,, /L)

The non-dimensional gust magnitudes V_/o for the longitudinal and lateral components
respectively are:

2 -

}sizz,s\fa-;{-;ag o) (6.6)
2 .

y, =28 |1- :—Iéﬁ-;{iﬁ;}—-——-m—;—— 6.7)
LS z:{i—b{i,i'};}?}

The empirical and derived MILSPEC curves for the longitudinal gust component are
illustrated in Fig. 6. 4. The dashed curve is the empirical least squares fit to MILSPEC
longitudinal component (Eq.6.1). The solid curve is derived by closed form integration of
the Dryden PSD expressed by Eq. 6.6.

o —
/__,_—-—————""" T T g

[

Mo Dimensional Gust Magmtude

% ut ol 1 [£4]
Non-Damensmnal Goa Half Wit

Figure 6.4 Least squares fit to MIL standard and closed form integration solution for
non-dimensional longitudinal gust magnitude v, /o as a function of non-dimensional

gust half-width, d /L
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Values for v, (m/s) at a selected altitude for a specified d, (m) are calculated using the

values of o(m/s) and L (m) (o}, and 103 L}, respectively) given in Table 6.4 or Table 2-
79b of Ref. 6.3 and the appropriate expression for V., /o, which is selected based on the
value of d, /L as described above. The authors caution the reader that the caption at the
top of the original Table 6.6 (2-79 b), which refers to “magnitudes (6}, and 6, )", should
read “standard deviations (G}, and G, )”. This has been verified by the principal author of
the original report (C.G. Justus®).

A composite standard deviation, G, for moderate and severe turbulence categories - is

calculated by weighting the standard deviations by the probability of each category (Table
6.4) according to:

6. = (PO +Pp0 )/ (P +Ppy) (6.8)

where, P,,P,,.0, and o, are the respective probabilities and standard deviations for severe
and moderate turbulence.

The derived gust magnitudes for the longitudinal gust component as a function of
turbulence severity (light, moderate, and severe), altitude and gust half-width, d,, are

listed in Table 6.5 and are illustrated for severe turbulence in Fig. 6.5 . The longitudinal
component is defined as the horizontal gust in the direction of the mean wind. The
longitudinal gust is superimposed with the steady state wind to excite the tail in the elastic
body simulation model.

The risk probabilities for the occurrence of severe moderate and ‘composite’ turbulence
are listed in Table 6.6. At 6 km the risk for severe turbulence is 0.56 percent; therefore,
from Fig. 6.5 (or Table 6.5) and Table 6.6, for d;, equal 30 meters there is a 0.56 percent

risk that a gust magnitude of 4.31 m/s will be exceeded. If the objective is to protect the
orbiter vertical tail for a 1 percent risk for a 30-m half-width gust, it is conservative to
protect for the 4.31 m/s gust (0.56 percent risk). If the amount of load alleviation needed
is not obtained with the 4.31 m/s gust there are two approaches that can be considered. A
small reduction of the 4.31 m/s value can be achieved if a value for the 1 percent risk level
could be derived analytically, but an acceptable methodology is not available at present. A
large reduction can be achieved at any altitude by deriving a gust magnitude that represents
a composite value for moderate and severe turbulence. As listed in Table 6.7 the composite
value at 6 km for d,, equal to 30 m is 1.52 m/s. This is achieved with a considerable

penalty, which is an increase of the risk to 7.06 percent (third column in Table 6. 6) that
this value will be exceeded.
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Table 6. 5 Discrete Longitudinal Gust Magnitude as a Function of Altitude (km) and
Gust Half-Width, d_ (m) for Light, Moderate, and Severe Turbulence

a) Light Turbulence
Gust Magnitude(m/s)
gust half width (m)
Altkm) 30 60 90 120 150 180 210 240 270 300

1. 0.12 0.18 0.21 0.24 0.27 0.29 0.30 0.31 033 034
2. 0.11 0.17 0.21 0.24 0.26 0.28 0.29 031 0.32 0.33
4. 0.12 0.18 0.23 026 0.29 031 033 0.34 0.36 0.37
6. 0.13 0.19 024 0.27 0.30 0.32 0.34 0.36 0.37 0.39
8 0.13 020 0.25 0.29 0.32 0.34 0.36 0.38 0.39 041
10. 0.12 0.18 0.23 0.26 0.29 0.32 0.34 0.36 037 038
12. 0.11 0.16 0.21 0.25 0.28 0.30 0.33 035 0.36 0.38
14. 0.11 0.13 0.17 0.20 0.23 0.25 0.27 0.29 0.31 0.33

b) Moderate Turbulence
Gust Magnitude,(nmV/s)
gust half width (m)
Altkm} 30 60 90 120 1530 180 210 240 270 300

I 114 170 2.09 237 2.59 277 292 305 3.16 3.26
2. 1.08 1.63 201 229 2.51 269 2.84 297 308 3.18
4. 1.23 1.86 231 2.66 2.93 3.15 334 3.50 3.64 3.77
6. 1.28 195 242 2.77 3.06 3.29 3.48 3.65 3.80 3.93
8. 1.29 196 244 2.80 3.08 3.32 3.52 3.69 3.84 3.97
10. 1.21 1.85 232 268 298 3.22 342 3.60 3.76 3.90
12. 111 1.63 208 245 275 3.01 3.23 343 3.60 3.76
14 1.06 132 168 2.00 2.28 2.53 2.75 2.95 3.12 3.29

¢) Severe Turbulence
Gust Magnitude (m/s)

gust half width (m)
Alt 30 60 90 120 150 180 210 240 270 300

km

1 394 589 7.20 8.18 894 9.5610.08 10521091 11.25
2 381 573 7.06 804 88! 945 99810431083 11.18
4 376 570 708 8.12 895 9.631021107011.1411.52
6 431 654 812 9321027 11.0511.7112.2812.78 13.22
8 457 693 861 9.88108911.72124213.0213.54 1401
10 421 640 802 929103011.14 11.851247 13.01 13.49
12 354 519 664 7.81 878 9.611032109511.5012.00
14 282 350 444 529 604 670 7.28 7.80 827 869
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As shown in Table 6.5¢
about 100 meters at 8 km

14

12

ke
L]

Altitude, km

the smallest gust half-width d,,, associated with a 9 m/s gust is

>

T

Figure 6. 5 Discrete Longitudinal Gust Magnitude as a Function of Altitude (km) and

o

Gust Half-Width, d_ (m) for Severe Turbulence

Table 6.6 Risk Probability (percent) for Moderate, Severe, and Composite (Moderate

plus Severe) Turbulence, 1 to 20 km

Alt.(km)
1
2
4
6
8
10
12
14

Table 6.7 Discrete Longitudinal Gust Magnitude (m/s) as a Function of Altitude
(km) and Gust Half-Width, d_ (m), Composite (Moderate and Severe Turbulence)

Moderate Severe Composite
19.90 2.50 22.40
9.79 1.11 10.90
7.38 0.63 8.01
6.50 0.56 7.06
7.04 0.49 7.53
6.77 043 7.20
5.02 0.34 5.36
3.68 0.27 395

Gust Magnitude,(m/s)
gust half width (m)

Alttkm) 30 60 90 120 150 180 210 240 270 300

PN BN

10.

12

14.

145 2.17 2.66 3.02 3.30 3.52 3,72 3.88 4.02 4.15
1.36 2.05 2.52 2.87 3.15 3.38 3.57 3.73 3.87 4.00
1.43 2.17 2.69 3.09 3.40 3.66 3.88 4.07 423 438
1.52 231 2.87 3.29 3.63 3.90 4.14 4.34 451 4.67
1.51 2.29 2.84 3,26 3.59 3.87 4.10 4.29 447 4.62
1.39 2.12 2.66 3.08 3.41 3.69 393 4.13 431 447
. 1.26 1.85 2.37 2.79 3,13 3.43 3.68 3.90 4.10 4.28
1.18 1.47 1.87 2.23 2.54 2.82 3.06 3.28 3.48 3.65
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This discussion has emphasized the importance of the results for the smallest gust half-
widths. It is also important to point out that the improved model produces gust magnitudes
larger than 9 m/s as gust half-widths become large; for example, at 6 km the magnitude for
severe turbulence exceeds 9 m/s for d,, greater than 90 meters. Acceptance of this method

for specification of gust magnitude would rcquire that adequate protection for these
magnitudes greater than 9 m/s be established.

6.5 Conclusion

A rational for derivation of a discrete gust magnitude that is a function of altitude and gust
half-width has been developed. This rational is based on established methods that are
included in military specification of requirements for the flying qualitics of piloted aircraft.
This specification is significant because it is based on the same aircraft turbulence data
used in studies that established the NASA classical 9 m/s gust. Based on a review of these
studies there is no evidence that supports application of the 9 m/s for discrete gusts with
half-widths as small as 30 mecters. The shortcoming of the NASA classical 9 m/s gust
model is that it does not include a relationship between gust magnitude and gust half-
width. As indicated in this study the inclusion of this relationship may provide the needed
load relief for Space Shuttle tail elastic body response for small gust half-widths during
severe turbulence. However, protection of other vehicle structures sensitive to larger gust
half-widths would have to be established because the new model has gust magnitudes
greater than 9 m/s for gust half-width as small as 100 meters (Table 6.5¢).

The material in this section has also been published in Reference 6.11.

6.6 References

6.1 Adelfang. S. L. and Smith. O. E.. "Wind Gust for Shuttle Ascent, Part IL", White Paper
prepared for Electromagnetics and Aerospace Environments Branch (EL23) in support of
Shuttle Systems Integration office, March 25, 1997.

6.2 MIL-F-8785B (ASG). “Military Specification Flying Qualities of Piloted Airplanes,” August
7. 1969.

6.3 Johnson. D. L. (editor), “Terrestrial Environment (Climatic) Criteria Guidelines for Use in
Aerospace Vehicle Development, 1993, NASA TM 4511, August 1993.

6.4 Tolefson, H. B., “Summary of Derived Gust Velocities Obtained from Measurements within
Thunderstorms,” NACA Report 1285 (supersedes NACA Technical Note 3538), Langley
Aeronautical Laboratory, Langley Field, VA, July 27, 1955.

6.5 Tolefson, H. B, “Preliminary Analysis of NACA Measurements of Atmospheric Turbulence

within a Thunderstorm - U.S. Weather Bureau Thunderstorm Project,” NACA Technical
Note 1233, Langley Aeronautical Laboratory, Langley Field, VA, January 29, 1947.

90



6.6 NACA Technical Note 4332, “An Approach to the Problem of Estimating Severe and
Repeated Gust Loads for Missile Operations,” by Press, H. and Steiner, R., Langley
Aeronautical Laboratory, Langley Field, VA, September 1958.

6.7 Vaughan, W. W., “Analysis of Discrete Atmospheric Gust Velocity Data for Use in Missile
Design and Performance Studies,” ABMA Report No. DA-TR-68-59, November 20, 1959.

6.8 Justus, C. G., Campbell, W. C,, Doubleday, M. K., and Johnson, D. L., “New Atmosphere
Turbulence Model for Shuttle Applications,” NASA TM 4168, January 1990.

6.9 “Space Shuttle Flight and Ground System Specification,” Volume X, Appendix 10.10, Natural
Environment Design Requirements, NASA NSTS 07700, Volume X, Revision J, June 14,

1990.

6.10 Daniels, G. E., “Natural Environment (Climatic) Criteria Guidelines for Use in MSFC
Launch Vehicle Development, 1963 Revision,” MTP-AERO-63-8, January 28, 1963.

6.11 Adelfang, S. I. And Smith, O. E.: “Gust Models for Launch Vehicle Ascent.” AIAA paper
98-0747, 36™ Aerospace Sciences Meeting, January 1998, Reno, NV.




7.0 WIND PROFILE MEASUREMENT SYSTEMS

Since 1960, the instrumentation, tracking, and data reduction techniques of the Eastern
Test Range (ETR) standard Rawinsonde system have been updated. A special high
resolution ETR Rawinsonde system (formerly called Windsonde) with greater accuracy
than the standard Rawinsonde has also been developed. Hence, the quality and resolution
of wind, temperature, pressure, and relative humidity profile measurement capability with
Rawinsondes have been improved at ETR.

The Jimsphere wind profile measurement system was developed at MSFC in the 1960’s for
the Saturn program and is still used in the Space Shuttle program (Ref. 7.1, 7.2, 7.3, 7.4).
The NASA 50MHz Doppler Radar Wind Profiler (DRWP) was developed jointly between
MSFC and JSC in the 1986-89 period for the Space Shuttle program. Currently, the 45"
Space Wing, Air Force Space Command, Patrick AFB, Florida is developing the
Automated Meteorological Profiler System (AMPS) for the ETR. Because NASA is an
ETR user, the Space Shuttle program has an interest in this system.

Bricf descriptions of the Jimsphere, DRWP, and AMPS systems arc given below.

Jimsphere

The Jimsphere system produces the highest resolution and greatest accuracy wind profile
of all measurement systems. Hence, it is used as a standard for comparison of wind profile
measurement systems.  To illustrate the historical development of the Jimsphere,
photographs taken during a test of constant volume spheres, onc smooth (ROSE), and the
other with conical protuberances (Jimsphere), is shown in Fig. 7.1 . This test was
conducted at MSFC, August 2, 1963 during stable atmospheric conditions and light winds.
The smooth sphere was released at 11:52 p.m. and shortly thereafter (11:54 pm.) the
sphere with cones was released. The smooth sphere (ROSE) shows induced perturbations
(which would be interpreted as wind) that are larger than the perturbations induced by the
roughened sphere (Jimsphere). The cones on the Jimsphere reduce the acrodynamic vortex
shedding responsible for the observed perturbations of the balloon trajectory. The cones
serve the same purpose as dimples on a golf ball.

The Jimsphere balloon is tracked by a FPS-16 radar or onc having the equivalent precision.
The standard data reduced for MSFC yields wind speed and direction at 25m altitude
intervals. Jimsphere wind databases have been used in wind profile models and design
assessments for the Space Shuttle. Samples of Jimsphere 3.5-hour pairs taken at KSC were
used to establish wind loads persistence for the Space Shuttle. The Jimsphere system is a
Space Shuttle operational requirement for pre-launch wind monitoring and post-flight
evaluations. The specifications of the standard Jimsphere are given in Table 7.1.
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Table 7.1 Jimsphere Specifications (ML-632/um)

Acerodynamically stabilized, constant yolume,
Type super pressure balloon constructed of Y mil

aluminized mylar

inflated Diamcter 20m

Typical Free Lift 47k

Typical Gross Lifi Sikg

Inflution Volume 42m'

Nominal Float Altitude i7-18km

Roughness Elements 398 cones, 7.6 cm (base) X 7.6 cm (heigh)

The Jimsphere measures only 50 percent of the amplitude of wind profile perturbations at
a wavelength of 90 m, and > 95 percent of the amplitude for wavelengths > 300 m (Ref.
7.5, 7.6, 7.7). Fig. 7.2 shows the magnitude (vector modulus) of the wind perturbations
for a sample of high-pass filtered Jimsphere profiles. The high pass filters are for
nominal cut-off wavelengths & of 500, 1500, 3000, and 6000m. It is shown that the
classical NASA 9m/s gust is not detected by the Jimsphere system for wavelengths less
than 1500m. Hence, other means for wind gust modeling are required as discussed in
Section 6.

high-pass filter

cut-off wavelength, meters
_, 500 1500
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Figure 7.2 Wind perturbation vector modulus for high pass filtered Jimsphere
sample of 150, February Jimsphere sample, KSC




NA ler Radar Profiler (DRWP

The DRWP development was underway by MSFC before the Challenger accident in
1986. Then the development was accelerated to completion by a joint effort between
MSFC and JSC. This system is located at KSC. The antenna is a phased array of
coaxial-collinear elements which the radar uses to create three beams - one vertical and
two orthogonal 15 degrees off the zenith on azimuths of 135 degrees (mode 1) and 45
degrees (mode 2) (Ref. 7.8). There are 112 gates; the lowest gate is at 2 km and the last
at 18.6 km. This yields wind components that are average values for an altitude layer of
150 m. The wind components are converted to wind speed and direction. Currently there
is approximately 5 years of DRWP data at MSFC at 5-minute intervals with some
missing periods. The DRWP wind profiles are monitored for each Space Shuttle launch
to detect any rapid change with respect to time and compared with the Jimsphere wind
profiles which are made at L-6 hr 15 min., L-4 hr 30 min., L-3 hr 25 min., L-2 hr 15 min,,
L-70 min and L+15 min. The L-4 hr 30 min Jimsphere is used for trajectory and loads
analysis for the commit- to-launch decision.

Automated Meteorological Profiling System (AMPS)

The AMPS is under development for the Eastern Test Range (ETR). AMPS balloon
tracking will be with the Global Positioning System (GPS) which will replace the
traditional ground based radar. This system is scheduled to be in operation in the year
2000 or 2001. In principle the GPS balloon tracking should produce more accurate winds
because the radar tracking errors at the low elevation angles for long slant ranges are
eliminated by the GPS. The AMPS has two measurement modes. One is a Jimsphere
with the aluminized mylar removed to permit GPS signal transmission. This mode is
called the High Resolution Flight Element (HRFE). The HRFE yields a detailed wind
profile to 16.7- km altitude. The second mode called the Low Resolution Flight Element
(LRFE) replaces the Rawinsonde system. The LRFE will measure the wind, pressure,
temperature, and relative humidity profiles to 30-km altitude. Density is derived from
pressure, temperature, and relative humidity.

The AMPS system has the potential to establish a wind profile database concurrently with
atmospheric parameters, pressure, temperature, and density for KSC. This database will
be most valuable provided that a special measuring program (SMP) in support of launch
vehicle development is established early in the AMPS operational phase. This measuring
program should be over a 5-year period with a sampling frequency of at least four per
day. At present the atmosphere models and wind models for aerospace vehicle programs
are treated separately. A wind and atmosphere pairs database to be established with the
proposed AMPS/SMP would be used for future aerospace vehicle design assessments and
day-of-launch ascent guidance and control design. It is suggested that NASA and ETR
jointly establish the details for this proposed measuring program at the beginning of the
AMPS operational phase.
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CONCLUDING REMARKS

The evolutionary process in the development of ascent wind profile models for acrospace
vchicle design is traced from the beginning of the NASA space program to the present. A
review of past works, current practices, and lessons learned points the way for
improvements in ascent wind models and operating techniques for future aerospace
vehicle programs. The technological advances in wind profile measuring systems and
engineering analysis have lead to ever increasing complex and more realistic wind profile
models for space vehicle design and day-of-launch operations.
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APPENDIX
CONSTRUCTION OF PROBABILITY ELLIPSES

The mathematical construction of probability ellipses is useful in establishing that wind
data samples are bivariate normal . The construction is also used for graphical displays. A
convenient procedure for mathematical construction and graphical display of ellipses is
presented below. The conic form of the equation for a family of probability ellipses
depending on the value of A, is:

AX? +BXY+CY? +DX+EY+F=0 [A1]

where,

A=s"§, , B=-2po,0y, Czsi ,

_ - _ _

D =20,0,pY -2065 X =—(BY +2AX)

E=20,0,pX-20% Y =—(BX+2CY)

F=AX? +CY? + BXY - AC(1-p?)A, 2
where,
X,Y,0,,0 y are the means and standard deviations of variables X and Y , p is the

linear correlation coefficientfor X and Y,

Ae =+/—21In(1-P), and P is probability.

The bivariate normal probability density function has a constant value on these ellipses;
therefore, the ellipses of Eq. A.1 are referred to as ellipses of equal probability. For most
applications the interest is in determining the probability that a point (x,y) falls inside a
given ellipse.

The ranges for X and Y, used for establishing graphics scales and computational
procedures, are given by:

Xps=X10.A, [A2]

Yos=Yto,A [A.3]




Solution of the quadratic equation A.l1 yields values of Y for each value of X

incremented within the range of X smallest to X largest . The centroid (X,Y) for the
family of probability ellipses (for various values of P) is plotted as a point.

For wind data samples, the general notations for the bivariate normal distribution are
replaced by the corresponding sample values for the zonal and meridional wind

components, which are the mean values, U and "5; the standard deviations, SU and SV,
and the correlation coefficient, rf{U,V).

In the wind analysis, P-percent of the wind vectors fall within the specified probability
ellipse. From this point of view, a specified probability ellipse gives the joint probability
that P-percent of the U-V components lic within the given ellipse.

When §§ = §§ = o2 andp =0 in the bivariate normal distribution, the probability

ellipses of A.1 reduce to circles whose centers are at the means ’}E-‘f- . The radii of the
probability circles are GyA. , where

oy = V202 [A.4)

L. =-In(1-P) [A.5]

The example of wind probability ellipses for P = .50, .95, and .99 illustrated in Fig. A-1 is
for the following parameters: U=-3.01m/s, V=-3.19m/s, SU=866mis,8V=
6.85m/s and p = 0.322

and.

o UVSCALES: 1 div=2m/s

N
~|

3..-;—:..—&1 — 3 ‘—'—g-—-‘

U, m/s
Figure A-1 An Example of Wind Vector Probability Ellipses
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